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Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sin * 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2 . Between 1 993 and 2001,1 headed the DN A Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



BEST AVAIUBLE COPY 



Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al. Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods Appl, 4:357-362 (1995) (Exhibit C> and Heid et al. Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successfiil PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Nati. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et al. Nature 
396(67 12):699-703 (1998) (Exhibit F) and Bieche etal. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-autiior. In particular, iPennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied die genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
etal used the assay to study gene amplification in breast cancer. 
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Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a beisis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown * 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efiScacy of cancer 
therapy. 

8. r declare further that all statements niade herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willfiil false statements and the like so made are 
punishable by fine or imprisonment, or both, imder Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the vahdity of the application or any 
patent issuing thereon. 




Date Audrey D. Goddard, Ph.D. 



3 



AUDREY D. GODDARD, Ph.D. 



110 Congo St. 

San Francisco. CA. 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Gerientech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experinnental Medicine / BioOncology. Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational, research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 -2001 Senior Scientist 

Head of the DNA Sequencing Laboratory. Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chroriiosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department. Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification, 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery, 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G, D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D, Sweeney 



University of Toronto 
Toronto, Ontarib, Canada. 
Department of Medical 
Biophysics. 

McMaster University. 
Hamilton. Ontario, Canada. 
Department of Biochemistry 



1989 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
. Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function. Litchfield 
Park. AZ, USA October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island. FL. USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting. Berkeley. CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference. Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech. perspective. Bay Area Sequencing Users 
Meeting. Berkeley. CA. USA May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA. USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76*^ Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV Intemational Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6.455.496. Date of Patent: Sept 24. 2002. 

Goddard A. Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6.426.218. Date of Patent: July 30. 2002. 

Godowski P, Gurney A. Hillan KJ. Botstein D. Goddard A, Roy M. Ferrara N. Tumas D. 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2. 2002. 

Ashkenazi A. Pong S. Goddard A. Gurney AL. Napier MA. Tumas D. Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6.410.708. Date of Patent;: 
Jun. 25. 2002. 

Botstein DA. Cohen RL. Goddard AD. Gurney AL. Hillan KJ. Lawrence DA. Levine AJ, 
Pennica D. Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387.657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. tie ligands. Patent Number: 6.372.491. Date of 
Patent: April 16. 2002. 

Godowski PJ. Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6.350,450. Date of Patent: Feb. 26, 2002. 

Fong S. Ferrara N. Goddard A. Godowski PJ. Gurney AL. Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6.348,351. Date of Patent: 
Feb. 19.2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6.348.350. 
Date of Patent: Feb. 19. 2002. 

Attie KM. Carlsson LMS. Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207.640. Date of Patent: March 27. 
2001. 

Fong S. Ferrara N. Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6.074.873. Date of Patent: June 13. 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5.824.642. Date of Patent: October 20. 1998 

Attie K. Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8. 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P. Gu Q. Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A. Grigorescu F, Lautier C. Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S. Xie. M-H. Foster J, Frantz G, Stinson J. Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH. Chui C, Schilbach SL. Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P. Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Mamoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 27 6{2): 1660-1664. 

Xie M-H. AgganA^al S. Ho W-H. Foster J. Zhang Z, Stinson J. Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK. Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. ScL USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada t.;Lee J. Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development Nature 408: 366-369. 

Yan M. Wang L-C. Hymowitz SG. Schilbach S. Lee J. Goddard A. de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD. Tai JTN, Hillan KJ, Brown LA, Goddard A. Yang R. Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S. Brush J, Teraoka H. Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M. Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A. de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H. Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cyfo/c/ne 11: 729-735. 



Audrey D. Goddard, Ph.D page 6 of 9 



Yan M, Lee J. Schilbach S. Goddard A and Dixit V. (1999) mE10. a novel caspase 
recruitment domain-containing proapoptotic molecule. J. BioL Chem, 274(15): 10287-10292, 

Gurney AL, Marsters SA, Huang RM, Pitti RM. Mark DT, Baldwin DT. Gray AM, Dowd P. 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI. Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-21 8. 

Ridgway JBB/Ng E. Kern JA .Lee J, Brush J. Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM. Marsters SA. Lawrence DA, Roy M. Kischkel FC, Dowd P. Huang A. Donahue CJ, 
ShenA/ood SW, Baldwin DT. Godowski PJ. Wood Wl, Gurney AL, Hillan KJ, Cohen RL. 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D. Swanson TA, Welsh JW. Roy MA. Lawrence DA. Lee J. Brush J. Taneyhill LA. 
Deuel B. Lew M. Watanabe C. Cohen RL, Melhem MF, Finley GG. Quirke P. Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aben-antly expressed in human colon tumors. Proc, Natl, Acad. ScL USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR. Gray A. Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z. Yuan JQ. Goddard A. Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Bmsh J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM. Ryan A. Gu Q, Zhang C, Bonifas JM. Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP. Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A. 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2LyTRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM. Dowd M, Pitts-Meek S. Goddard A. Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-I. Neuron 
19:15-26. 

Sheridan JP. Marsters SA, Pitti RM, Gurney A. Skubatch M, Baldwin D. Ramakrishnan L. 
Gray CL. Baker K. Wood Wl, Goddard AD, Godowski P. and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821, 
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Goddard AD, Dowd P. Chernausek S, Geffner M, Gertner J. Hintz R. Hopwood N, Kaplan S. 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N. Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD. Shennan D, Ho WH, Stone D, Bennett GL. Moffat B. Vandlen R. Simmons L, Gu Q. 
Hongo JA, Devaux B, Poulsen K, Armanini iVI. Nozaki C, Asai N, Goddard A, Phillips H. 
Henderson CE. Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Annanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D. 
Goddard A, Phillips H, Noll M, Hooper JE. de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP. Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1 996) Apo-3. a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TplAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Ludh SM, Goddard A, Reilly D, Henzel W and Bass S. (1 996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Mcrob/o/ogy 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular En docrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press. Cambridge UK. pp.1 87-21 5. 

Treanor JJS. Goodman L, de Sauvage F. Stone DM, Poulson KT, Beck CD. Gray C, Armanini 
MP. Pollocks RA. Hefti F. Phillips HS. Goddard A, Moore MW, Buj-Bello A. Davis AM. Asai N, 
Takahashi M. Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
- receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q. Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J. Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ. Hefti F and Caras I. (1995) Cloning of AL-1. a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC. Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
NaU. Acad. Sci. USA 92: ^86e-^870. 

Huang X, Yuang J, Goddard A, Foulis A. James RF. Lernmark A, Pujol-Borell R. 
Rabinovitch A. Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ. Fairbairn L, Dexter M. Bon-ow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD. Covello R, Luoh SM, Clackson T, Attie KM. Gesundheit N. Rundle AC. Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS. Moran P. Gripp J, Armanini M. Phillips HS. Goddard A and Caras IW. (1994) 
Identification and characterization of Batk. a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. A/eurosc/. Res. 38: 705-715. 

Mark MR, Scadden DT. Wang Z. Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J. Shipley J. Howe K, Kiely F. Goddard A, Sheer D. Srivastava A, Antony AC. 
Fioretos T. Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute prpmyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B. Katz F. Swirsky D, Fioretos T. Dube I. Winfield DA. 
Kingston J, Hagemeijer A. Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM. Goddard AD, Squire JA, Becker A, Phillips RA and Gallic BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W. Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991 ) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D. Solomon E. Pihiajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Bon-ow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Constnjction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon e: (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS. Goddard AD, Sheer D, Solomon E and 
Pihiajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus.. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallic BL, Squire JA. Goddard A, Dunn JM, Canton M. Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD. Phillips RA. Greger V. Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genef/cs 37: 117-126. 

Zhu XP. Dunn JM, Phillips RA, Goddard AD. Paton KE, Becker A and Gallie BL (1989) 
Germline, but not somatic, mutations of the RBI gene preferentially involve the paternal 
allele. /Vafure 340: 312-314. 

Gallie BL, Dunn JM. Goddard A. Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bioloov of Th e Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York. 1988. pp. 
427-436. 
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SUnillTAIiiOUS ftfflPLffiCAnON AND DEfECIION f 
SPECiHC MIA S^UBItiS 

Xlussell Higttchi*^ Gavia Dojljmger^, P. Sean Walfiih and Robert CJriffith 

RocHc Molecular System*. Inc., 1400 55^d Su, Em«xyvlUe, CA 94<50». *a»iroo Corpariti<m, 1400 53rd St, E«i«ryvxnc, CA 
94608. 'f'CorTcspoiidin^ author. 

Wc bave enhanced the polymerase chain 
reliction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube* Vtds enhancemeirt 
requires the addition of ethidium bromide 
(EtBr) to a FCR- Since the fluorescence of 
EtBr increases in die presence of double* 
siranded (ds) DNA an increase in flnorts- 
cence in such a PGR indicates a positive 
amplification, which can be eiusiljr mioni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to siinuha- 
neously ampSy specific DNA sejpences 
and detect the product of the amplification 



both simplifi^ and improves PCR and 
may facilitate its autonsation and nM>re 
widespread use in the clinic or in other 
situations requiring high sample ^w>ugh- 
put 



A 



lihouffh the potential bicncfits of PCR* to.cUu- 
kal <&gno4lics wrc wcU knowi^**', it siill not 
widely used in: this setting, even tliough it is 
_ fottf y^n eincQ th^rmoi^AblA pNA po*ym^r* 

iTfldc PCR practiad, Sonie of the rieasbns for Its slow. 
HQcepi^nce arc hi^ cost, tack of automation of p^e'^ and 
fKwt-PCR processing steps, and false positive results, from 
carryovcr-cc^tanunation* The first two points arc related 
in th^i t labor is the largest contributor to cost ait the present 
stage of PCR developmeat* Most Current assays require 
some form of "downstream" proeessing once thettnocy- 
cibg ts done in order lo detemune whether the target 
DNA Bequcncc was present and has amplfficd, ThcAt 
indude DNA hybridiwtion**, gel electropborcftis with or 
without use of rcstr'icciort digesdon^;*/ HFtCr, or capiUiiry 
electrophoresis'**. These methods ate labor-intense, have, 
low ihtoughput, and are difficult to automate. The third 
point is abo closdy rebted to downstream processing. 
The handling of the PCR prodwt in these downstream 
processes increases the chances that amplified DNA* will 
apread through the typit»g hb, resulong in a risk of 



"caTTyover" false positives in subsequent testing . 

These dowTwtrcam procjcssing steps would be etoti- 
nated if specific aniplincation and detection of amplified 
PNA took place simultancomly wihin an unopcinsd re- 
action vessel Assays in which sttch dilTcrcnt processes take 
place without. the need to separate reaction components 
have been termed ■^homogeneous"- No truly hbmogc-. 
tieous PGR assay has been demonstrated to date, although 
progress towards this end has been reported* Chdxab, et 
al.*^ developed a PCR produa detectbn scheme uiing 
fluorescent primeis that resulted in a fiuorcscent PCR 
product Alle*c-specific primers, each vrith different Bikh 
tesceni tags, were used to indicate the genotype of 
DNA. H<wevcr, the unincorporated primers inusl stiU be 
removed in a downstream pnxess in order to vbu^zc the 
result RcccnUy, Holland, et al.*'. developed an 
whkh the endogenous 5' exOnudease assay of Tflj DNA 
potytnerasc was exploited to ckave a labeled oligonudeo- 
lide probe. The probe would only cfcave if PCR amplin- 
cation had produced its corojAtmeniaxy sequence. In 
order to detect ttic dcavage products, however, a subse- 
quent proccsjs w iagain needed. 

We have developed a truly homogeneous assay for POR 
and PCR prodiici detecdon based upon the gready in- 
creased fluorescence that ethidium btoinide and ouier 
DNA binding dyes exhibit when they are bound to^s- 
DNA^^>^. As outlined in Figure f, a prototypic PCR 



/ 



jsDi>)A piinwts 




nOVRE 1 Piindptc of simultaneous ampOficsdon aod* detection of 
PCR produce The cOBipOncntt of a PCR coaotnh)^ E;8r dial are 
Ouoresonif arefiswd—EtBr itselt Et»r bound to ssDWA ot 
dsDN A. Tbere vt a large aiwrcscencc cnhaaocuiciit when EtBr is 
bound to t>NA and huKiihg' u greatly enhanced when DNA .is 
doublc-sirandcd, Afto suftckru <n)..cydcs PGR, the .net 
uic3«a5»e m ^UpNA resuks in additional JEtBr btniEag, and a net 
incrcstae in total AuarcACcnce: 




* 
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FMMi 2 Gd electrophoresis of simplificsition pi^iicts of chc 
hunaaOt mtdcar gene, HLA inad« in the presenoc of 

incrc;(sin^ aniountE of EtBr (up lo 8 Wg^tdl). The preseacc of 
&t3r tus tio obvious c£rea on utc yield or spcdilcity of amplifi- 
cacioa. 



A. 



B. 
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nGOXE % (A) JFtaotescefict mcasurcnicnUb frotn PCRs tbdt oDotaia 
03 lA^nj EtBr aiut thai 9Tv specific fctr V^itotnos^nx repeat 
5e<Ktetioe«. Five replicate FGRs, tvere begun Gopt;tii)ine cadi of the 
DNA» 5pedfted. At iracb mdicttcd cyde. «mc of the &vc replicate 
PCKs for csKh DNA ivas FcntoveO from thcrmocyclxng and its 
fluorescence measured. UniU of fluorescence *re aTtrtrsuj. (fi} 
UV pbotography of PCRtuhet (O.S ml Eppcndorf^tylc, polypro- 
pylene micro^entrifuse ^ubes) contammg re^cttons^ those sCattF 
Crosn t ng male UNA 9^ control reactions without any DHA^ 
from (A). 



begins with primers that are single-straodcd DNA (ss' 
ONA). dNTPs, ajod DNA polymerasei An amount of 
dsDNA containing the target sequence (target DNA) is 
abo typically present. This amouat can vary, depending 



on the applkatioo, from ftingle-c^U amounu of DNA to 
microfl^rams per PCR^®, If EtBr b present, the reagents 
that mU fluoresce, in order of increasing fluorescence, are 
fince EtBr hsdfi and EtBr bound to the singk-straitdcd 
DNA ptiiuen aird to the doublc^tranded target DNA (bf 
its intercalation between the stacked bases of the DNA 
doublc-hdbO' After tfic first denatutation cyde, target 
DNA will be largely stngk-stranded. Afber a FOR ia 
oompletcd. the most signihc^t change is the increase in 
the amount of dsDNA (the PGR prtxiua itseli) of up to 
several mjcrpgr^ms. Foroierly free EtBr « bound to the 
additional dsDNA* resulting in an increase in flugres- 
ccnoe* There is also some decrease in the amount of 
ssDNA primer, but becau^ the binding of £lBr to ssDNA 
is tnuch k$$ than to dsDNA, che effect of this change on 
the cota! fluorescence of the sample is smaJL The f^tiorcs- 
cencc increase can be measured by directing ^dtadbn 
illumirtatlon through the wails of the amplilkation vessel 
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before and after, or even a}niiDUou3ly during, thermocy- 
ding. 

RESULTS 

PGR in tiie presence of EtBr. order to assess th« 
affect of EtBr in FOR, axnpH&cations Of the hum^n Hi j\ 
DQa gane^^ were performed with thie dye prcset^t at 
concentrations from 0,06 to 8.0 jig/ml (a ty^}<al concen- 
tration of EtBr tL<;ed in staining of nuckk aods fbUoiving 
get ekctrophoresis is 0^ (tg^xnO* As shown in Figure 2» gd 
e1eC£ro^Horesis rcvealed iiSle or no di fi eircncc in the yield 
or quality of the ampUflcadon product wheth^rr EtBr 
al»eca or present at any of these concentrations, indicat- 
ing djat EtBr does not tnhibk tOBi. 

De t ec tion of faomsiA Y-dttomosmiifi spcolie 
qnences^ Sequence^pecific^ fiw>rcsccnce enbanoement of 
EtBr as a result of PGR was damonstraied in a series of 
anipliflcatk>tis containing 0.5 v^^nA EtBr and pHmers 
specific to repeat DNA sequetKcs jfound on the hutnaa 
Y-chromosomc'^- These PCRs initially confatned cither 
60 ng male« 60 ng £ctna1c, 2 ng jnak human or no DNA. 
Five replicate PCRs were begun for 6ach DNA* After 0, 
17| 21 , 24 and 29 cydes of thenuocyding» a FCR for cadi 
DiSi A u'as removed from the thennocyder» and its. fluo- 
rescence measured in a spcctroflnorometer and plotted 
vs, ampliScadon cyde number (Fig. 3 A). The shape of this 
ciirvc reflects the fact that by the time an increase in 
fluorescence can be detectedj die increase in DNA is 
becoming linear and not exponential with cyde number: 
As 5hown» the fluorescence increased aboujC three-fold 
Over the background fluotescekifce for the PCRs <:H>ntai7i' ' 
in% human male DNAt but did not significantly increase ^ 
for Tuegative control FCRs, which cont^dned ^ther no 
DNA or human femak DNA. The more male DNA 
present to b^gin with— 60 ng vcrstis 2 ng— die fewer 
cydeis were needed to give a dctectaWe increase in fluo- 
rescence. Od etectropnorests oo the products of these 
ampliflcations showed that DNA fragments of the ex* 
pcctcd 5XJC were made in the male DNA containing 
reactions and that Me DNA symbesis took place in the 
control sam^es. 

In addition, the increase i^ fluon:$cencc w^s visualized 
by ^pty laying the c<»npkted» unopened PCRs on a W 
transilhinunator and photographing tb'cm through a red; 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA- 

DettctUm of ^>eeiflc alleles of the httman ^-globiD 
gene, in order to demonstrate that this approadi hss 
adc^qiiatc spedfldty to aUow genetic screenings a d<£xccuon 
of the ^kle-odl anemia mutation was performed. Figure 
4 shows the fluorescence from completed amp^Catioas 

oontaixiiag EtBr (0^ Hgteil) as d^ittct^ by photography 

of the rcacuon tubes on a UV transillaminator. These 
reactions were performed using- pnmcxR specific for ei- 
ther the witd-tjpe or siclde-ceil mutadon of the human 
^lobin gene*^ The specifkity for each aBcIc is impartecl 
by placing the sidi^mutation site at the terminaJ 3' 
nudemide of one pritacr. By using an appropwte primer 
annealing temperature^ ptim^r octemic^tv-^nd thus am- 
pli5cat3on-s:an take place only if the 5' nucleotide of Ac 
primer is complemcptary to the $*globia alldc prcfiCjit*"'*^. 

Ead) jpair of j^mpBificadons shown in Figure 4 consists of 
a Fea<;tkon witb either the wildHypc alldt ^edfic (left 
tube) or skkk-aUde spedfic (right tube) primers. Three 
di£ferent DNAs were typed: DNA from a homozygous, 
wtid-typc p-^obin individual (/VA); from a heierozygou* 
sickle ^MgH>bin individual (AS); and from a homozygous 
sickle P-gioWo indiSidual (SS). Each DNA (50 ng gct^omlc 
DNA to start cadi FGR) was analyzed in tripHcate (3 pairs 
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reactions each)/ The DNA type vas reflected in tbc 
^jawvc fluotescexice intensities in each pair orcomfdeted 
^(ppjbScjitiottfi. There was a significant increase in fluores- 
^oc only where a p-globin aflele DNA matched the 
primer »ct. WhcD measured on a spcctroflooronictcr 
Mata not shown), this Buorcsccncc was about three times 
Jl^t present in a FCR where both p-globin alkies were 
rtitiiiti;»tcbcd to the primer set* Ccl ckctrophotcsw (not 
flhowrt) established tJiat this increase in fluorescence ws 
due to the synthesis of neatly a microgram of a DNA 
fragment of the expected size for ^lobin. There was 
litdc synthesis of dsDNA in reactions in . which the aJlefe- 
specific pritner was mismatched to both alleles. 

Contitnioiis xntonhoHbog of a PCR- Using a iibcr optk 
devtcerii i* r>o«Rible to direct escdtaiion illuounatiou from 
;i spectrofluorometcr to a PGR undergoing thcrmocyding 
Bjid to retitm its fluorescence w the Kpcccrofttioroncjetcr. 
lie flucrcsccfirc readout of such an arrangement, di- 
at an £tBr-cotntaiatiig amj^ficatioD of Y'diroroo- 
f/f^mc speciGc sequences from 25 ng of human mat^ DNA« 
is shown in Figure 5. The readout from a control fCR 
vHJi no target DNA b also shown. Thirty cycles of PGR 
^re tnonitorcd for each. 

The ftuort:sccncc trace as a ftinction of time dearly 
shows the effect of the thennocyding. Fluorescence intcn- 
^diy rises and . bib invcrsdy with temperature Th<i fluo- 
rcsecncc intenfiity is minimum at the denaturation tem- 
perature (94X> and maadnnum at Ac anneatin^extension 
tcmpcratwTx: (SOX). I» the negaiive<ontrol FCR» these 
fluorescence maxima and oiininia do not change signiS- 
cinily over the thirty tbcrmocydcii* indicating that there is 
Ihtlc dsDNA synthesis wSUiout the appropriate tax^ct 
DNA, and there is little if any blcsK:hjM of EtBr durmg 
the continuous illuniination Of the sam{Me. 

In the FCR co^itatntng male DNA, the fluorescence 
njaxima at tbc anneafing/ejccension temperature bcg^n to 
increase at about 4000 secoads^ of thcrviocycling, and 
continue to increase with time, indicating that dsDNA is 
being produced at & detectable leveL Note that die fluo- 
ixsccnce ininima at the denatyratioti tempcrawre do not 
ftigtiificantly increase^ prcnimably because al thb temper- 
ature there is no dsDN A for EtBr to bind. Thus the course 
of the amplification is folJowcd ijy tracking the fluorcs-. 
cence increase at the acincafin^ temperature. Analysis of 
the products of these two amphficadons by gel clci^ropho- 
rcrfs showed a DNA fragment of die expected size for the 
male DNA contaming sample and tkO detectaWe DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridijataon to a se- 
^ueoce-Apedflc probe can enhance tlie specifidty of DNA 
dctct^ivn by FCR. "The ctimiiwtipn o^" ll^^ac pvoccsoG^- 
tncans that* the spcdfidiy of this homogeneous assay 
depends solely on that of PCR. In the case of ricUe-cell 
dlicase, wc have shown that PGR aloin: hsta sufficient DNA 
Rcquence apedfidty to permit gcncdc screening. Using 
appropriate ampli^catton conditions^ there is little non* 
spcdBc producdon of dsDNA in the aboeoce of the 
Tippropriatc target allele. 

The spcdfidiy required to dcwct pathogexis can be 
raore or less than d>at rcijutred' to do genedc screening, 
dcpciKling on the number of pathogens in tbc samjiJe aiwi 
the amount of other DNA chat must be taken with the 
sample A dlfikruk target b HIV, which requires detection 
of a vHTfU gcjiome that can be at the level of a few coj^ 
per thotL«ands of host cells*. Cotnpated -with genedc 
screening, which is performed on cdb jcontaiping at least 
one copy of tl^ target sequence* HIV idetecticin requires 
both more specifidty at>d the input of more total 
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4 UV photography of FCR tubes cctntaining ampliBcAticHU 
i^ng EtBr th9t are spcciltc'tD wild-type (A) tn; f idJe C5> aUdes of 
the &iinan ^-^ofain gene. The left ox «»£hp^ 
^Dde-ftpedfic piiniers to the wSd-typc afieles« the nghf tube 
primers to the »cWe aflek. The phmcmph was takcb after 30 
cydcsof PCR,atid the input DNAs aira the alkdes^n^ comam 
41^ mdkated. of DNA was uMd to bedn FCR Typtn;^ 

was done in tripHmtc (3 pairs of FCRs) for eadi input DNA: 
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RGOttS Contittoous^ rcal-tnae motucorm^ of a FCR. Afibcr optk 
was wed to carry, cxdiation ligt»t to a Fti'R in progress and also 
tmv(^ light baA. to a ftooromctcr (sec Expenmcntal V*<Hofx^. 
AmpHficaBoa-UMti^^uinaQ nmlo-DNA specific pnmcrs in a PCR 
3t«rUAg with ^ ng of human nude DNA {toQh or in x ctmtnA 
PCRmthout DNA (bottom), were monfaoird. Thiity cyd« of 
PGR were followed for each* The' tcmpcratun! cycled between 
94*C (denaturatiain) and 50*C (amwaliog and cxtcnsiOTi). Note in 
the male DNA PC»,.the cyde (dmc) depiet«JcPt iafjeasc in 
fhsoresocnce at tbxi anueaEag/extcDaMm tea)pekatttre. 
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DNA — lip to microgram amoun&— in order to have suf- 
Bcicnt nvunbcre of target sequences. This large amount of 
Ataiting DKA m an ampK6c^tk>o sig&itk^uUy increases 
tbc back^rourt^i fluomcence over whicb aay ^dditianal 
flaorefi€)ence produced by ?CR must be detected. An 
additional compKcation that occurs wiih targets m low 
copy-nxzmber b the fonnation of the '^primct-dimer" 
artifacL This is the rcsitlt of the cxiensioa of one primer 
using the other primer as a template. Although this occurs 
infrequently^ Once it occurs the extension product is a 
substrate for PCk ampliftcation« and can ciotnpele with 
true PGR tai^^ if those targets are rare. The primfer- 
<j|imt;r produa i$ of course dsDNA and lb«s is a potential 
source of false signal in this komoffeneous assay. 

To increase PGR ipedfidty and reduce the efifea of 
phtner-dimcr antpUficatioii, we are investigatiDg a num* 
ber of approaches, including the use of ncsted^primer 
amplifications diat take place in ^ ^ngie tube^, and the 
liot-surt", in which nonspedfic ampliation w reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**. Pn^inary resuhs using these ap- 
proaches sug^<^^ thatT>r»ancr-dijo:cT is effectively reduced 
and it is possible to delect the increase in Etfir fluote$- 
cencc in a PGR instigated by a angle HIV genome in a 
backgrx>und of 10* ccits. With larger numbcro^ of ccHs, the 
background fluorescence contributed by genomic DNA 
becomes pml^einatic. To. reduce this background, it may 
be possible to use sequence-^pedfkr DNA-binding dye^ 
that can be made loprcfcrentialiy l«nd PCR prodiKt over 
genomk DNA by mcorpoi^ting the dye-b>inding DNA 
sequence into the PClt product through a 5' *add-on" to 
the oligonucleotide primer*''. 

We nave shown that the detectk^n of f)uorescet>ce 
generated by an EtBr-containing^ PGR h straightforward, 
both once PCR is completed and continuously during 
ihermocycHng. The ease with whkh automation of spe- 
cific DNA detection can be accomplished is the most 
pTotnising aspect of this assay. Hie Huorescence analysis 
of completed PCR* is alrciwiytiossiWc with cxijtit^g instru- 
mentation in 96-weH formar*. In tins format^ the fluores- 
cence in each PCR can be <juantitated focfprct after, and 
even at sdccied points durmg therraocyciirig by moving 
die rack of PCRs to a 9$-niicrowcJI plate fluorescence 

reader***. . ^ . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct cTciension of the apparatus used here is to have 
multiple fiberopdcs transmit the excitation light and flu- 
orescent emissioDS to and from multiple PCRs» Tlie ability 
to monitor multiple PCRs continuously may alkm quan- 
titation of target DNA copy number. Figure S shows that 
the lai^er the amount of starting target DNA, the soc^r 
dfiHn^ PCR a fliiorKscencG incrrase is detected. Prrfinii- 
nary e3q>enmcnts <Hig«du and DoUinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two>fold differences in initial target DNA 
concentradon. 

Convencly, if the number of target molecules is 
known — as It can be in genetic screening— rcontinuous 
monitoring may provide a means pf detecting fabc posi- 
tive and false negative result*. With a known numb^ of 
tar^ molecuks, a true posidve would esthlbit detectable 
fluorescence by a predictable nun^ber of cycles of PGR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artii^ts* False negative 
results due to, for example,, inhitntion of DNA pofymcr- 
ase, may be detected by toduding within each PGR an 
inefHciendy amplifying marker, TTiis m3rkcr results in a 
Huoreficence increase only after a large number of Cy- 
cle©— many more than arc necessary to detea a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or abseooe of fluorcAccnoe signal alone, such controls rnay 
be ImportanL In any event before any test based on this 
principle is ready for the dasisCf an asscsHUcnt of tt^ false 
posidve/false negadve rates will need to be obtained using 
a large number trf known samf^es- 

Ir* $urtmiaT>*, the indtision ba PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcd&c DNA amplification from ouisidit 
ihe PCR tube, in the future, instruments based upon tius 
principle may facilitate the more widespread use of PCR 
in applications that dcmumd the h%h throughput of 
samples^ 



NTAL PROTOCOt 

Hcunan HLA-DQr geite AmpliBcadoBS cimtauuj^ StQr, 
PCRs were set wp itilOO )*l vc^unws cw^taining 10 mM Trifr^HCI, 
pH 8.3; 50 mM KCl; 4 m^f MgCl^: t3 unit* of Taq DNA 
polymerase (Pep1t«v.Elmcr Ocma. Norwalk CT)l 20 rnriolc each 
of huTozn HlA-DQa ' gene spcdfic oligonucleodde mimers 
<H12B and CHS?"' and approjonialdy 10* copies of DQot PCR 
product dihitni from a pfev!a»s reaction. Eithtdiuai bromiJc 
(EiBr; Stgtt«^ was used M dbe conccnUaiionE indicated in Figorc 
2* Tbcrmocyding proceeded for 20 cvdes ift a modd 4dO 
OterBtQcxcler (FcrUn-Elmcr CcjuN Norwalk, CT) uan|a "step- 
cycle" pTpgram of 94*C for 1 iz]in.-dciiaUiinttJ0C3 and 6(rC fo*''M 
sec ^neamg and 72*C for 30 set:. ex.iensioo. 

Y-ehcDiiH>9omc specific PCR* (lOO pi total reaoiovi 

volume) coditaitiing 0^ |i£/mi EtBr were prepared as described 
for HLA-DQor, t^ctfii wio> different pnincrt and target DNAs. 
TTiese PCRs cont^ficd 1 5 pmolc each male DN A-spcct»e prtme*^ 
yi.l and add cither 60 ng male, 60 eg f«ma!c, 2 ng mak, 

or Qo human DNA. Thcmiocydilig uras M*CTpf I min- and 60X: 
for ] min using a "rtcp<ytle* prw^tam. The number of cydtt fer 
a sampk were as incficated in Figure 3. nuprpsccDcc measure- 
ment » described bckiw. ^ ^ 

Ailck-^pecEfic^ liiuxia& p-^jMnn ^eoit PGR. Amptificauons of 
100 vSume cssng 05 MfiAnl of ^iBr were pr<^rcd a; 
described for HLA^DQtn above except with different primers and 
target DNAs. Thcw: PCRs cotu^ned eSiW. primer pair nOYH 
™ 14A <wfld-tjrpe ^<A5n speeifiLC primccs) or HOP2/il(Jl't$ (ak^- 
Ic-giot^ speoKc primers) at 10 pmolc eiich pnmcr per PCR. 

ptimctv wSc developed liy Wu ct aL^^ Three dilfcreij 
iacgei iSnAa wet* tucd in separate aa)plificatk>nsf-^0 ng each trf 
human DNA that was homozygous for the sitklc trait (SS)« DNA 
that wa£ hctemiygous for the sidde liraK (A$X or DNA that 
hotntOtygOttS for the W.l- globin (AA). ThcrmocycBng was for SO 
cycles at 94X for 1 nun. and 53*C tor 1 min. «6in|a "stiMMTtte 
program. An SttineaHog temperature of 55*^ b*d been nhown t»y 
Wu ct al*^ to pwvid? alldc-fipcdfic atytjrfiftcation. Wniplctcd 
PCRs were phcrtograpiicd through a red litter <Wratien_z3A) 
after placing the reaction lubes atop a model TM*S6 transillumi- 
nator (U V-prodUCtS 5ai*'C*abrid, QK). 

Fluorescence ineasiireinetit.-Ftiu>resce)*ce racasurcmenw wr* 
itud^ oh PCRs containkit; EtBr in a FluorDlog.2 fJuoromCtcr 
(SPEX. Edison. NJ). "Cbccitation was at the 500 jwn band w^ 
ihom 2 nm bandwiddi with ^ GG 45S nin 
Crist* Inc.* Irvine. CA) to exclude scasnd-ofder Ught. Emnwa 
yght was deteacd at 570 om widi a band width of abwit 7 nm. /ui 
OG 530 pm cut-off Bftcr was used to remove the cxatation hgnu 
GDsatitHiotiA ftnorencence m(7iuiorhlg of PCR, Cotumwwus 
nwnitoring o* a PCR in piofircss was accomj^ubed using «ic 
Bpcctiofiuoromeier and setdnga describoa above as weW as a 
fitcioptic Accessory (5P£X at no. 1950) to both send e3M»»w^ 
Hghi to, aod receive emitted Ughc from, a PCR ptecol in a weU <^ 
a model -iW) ihcnwcydcr (FerVni-Elmer Ceius)- The probe e^a 
of the fiberoptic cable was attached wiih "5 mtoute-cpoxj" to tftte 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge tube 
wth hs^p removed) e«eawely acalicg it 'Thccxposcd -top 



with iw %jttw iciuwr«*/ — 0 •** "V» -"r" — ; •"Tj^ 

Ihe PCR tube aofi the end of the fiberoptic caWc were siajeldea 
from room light and the rOO« ligbu were kept dimmed durmg 
each rup. The rnoniiorcd PCR was an amplincauon of 
mosdmD*ppdfic repeat FcqveiJCCl as described above, 
uaiDg.an anncaKngtextension teroperauirc of 50%!. Thcrcacpoo 
was ebvercd widt lOHncnd «i» (2 dropD) to prcveitt cvaporanon- 
Thermocyding- and fluorcsocna incasuccmcnt were star eco 
multancmisly, A time-basc stan with a lO socnnd inlcgraiiOili tsttc 
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uRSd And the ^mbsiokl signal was latiocd to' %bc cxcitattQD 
jiigiOrtl to ccmtrol lor ch!it)ft« iti )i^t*iourcc intcnnty. Dtita.wcre 
^Icdcd using the droSWOf, version 2.5 (SFEX) dala system. 

yrt fhAiuc Bob VaacA for hdp with the spectiofluormaric 
,^;i.iiif«i»eitts s»nd HcaihcrSctI Fonaj for cdidng thi& manisicript 
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SCD-14EUSA 



Trauma, Shock and Sepsis 




The CO-14 molecule is* expressed on the surface of 
fY^onocylos and some macrophages. Membrane- 
boufKl CD -14 is a receptor for iipopolysaccharlde 
(LPS) complexed lo LPS-Binding-Pratein (LBP), *me 
concenirailoo of Its soluble form is altered under 
certain pathological corKJitions. There is evidence for 
an important note of $00-1 4. with pofytraurtja, sepsis, 
buming$ and inflammations. 
During septic condifions and acute intecilons ii seems 
to be a prognostic mariner and is therefore of value In 
monttoring these patients. ^ 



IBL offers an EUSA for quantitative determination of 
soluble CD-14 in human serum, -ptesnna, ceil-cUlure 
supernatants ard ofrer biological fluids. 
Assay features: 12x8 determinations 

(microSter strips), 
precoaied with a specific 
monoctonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 r>g/rrt 
CV: intra- and interassay < q% 

for more inf orrnation call or fax 
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mOUS ftMFUnCAflON AND DEIiCnON 
DNAS^UBiaS 

Higuchi^- Cavm DoiUxi^^ P. Sean Wali^h and Robert Griffith 



^hc mccu^Sy^m^. Im. 1400 S5Wl St, Em<sryvflk, CA 94608. »Cbiroo Corparatfim, 1400 SSrd St. E«ic*yvinc, CA 
♦fcorrcspoiwJing author. ^ 



Wc have enhanced the polymerase chain 
reacdon (PC3R) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube. This enhaiiceroeftt 
requires the addition of ethidium bjonxide 
(EtBr) to a PCR- Since the fluorescence of 
BtBr increases in die presence of double* 
stranded (ds) DNA an increase in fiuot^s- 
cencc in sudti a PGR indicates a positive 
amplification, which can be e^ily naoni- 
tored extemaUy. In feict, anqilification can 
be continuously monitored in order to 
follow its pxogrtss. The ability to simulta- 
neously ampiS^ specific DNA sequences 
and detect the product of the amplificatipn 
both simplifies and improves PCR and 
may fsicilitate its automation and more 
widesTO^d use in the cUhic or in other 
situations requirittg higb sample ^ugh- 
put 



"'cartyovtt-* fiJse positives in subseqticnt testing , 

These downatrcam prooessiftg steps w>wW be ^ti- 
nated if spedfic aniplincation and detection of ampbfied 
DNA took place simwitancoittly vfiihm an unopcntd re- 
acdon vcsscL Asssysm which such dilFcrcnt processes take 
place without tKc »ccd to separate reaction components 
have been teirtned ^'bomogeneow". No truly horaogD-. 
rteous PCR assay has been d^nOrtstrated to date, although 
PIOCTC5S toward* thii end has been reported. C3i<^b, et 
al'* developed a PCR product detection schenic usin]^ 
fluorescent primers that resulted in a fioor^ent PGR 
product Alldc-fipedfic primers, cwh vath different Huo- 
resdent tags, wen: used to iiidiirace the genotype of the 
DNA. However, the iraincorporaied pnmcrs wxust <tm ^ 
removed in a downuream process m orderto visuahzc tne 
result RcccnUy. Holland, et al>''. developed aaassaj^itt 
iwhidi the endogenous 5' <xdoudease assay «rf T^f DNA 
potytnerase was exploited to cleave a labeled^gonudOT- 
lide probe. The probe would only deave jf FCR anipJjft* 
cation had procfnccd its coropJetneatary scqucnce- In 
Older to detect die dcavagc products, however, a subsc- 
qment process w iagain needed. 

We lUve developed a ttx»ly homogeneom assay for FCR 
and PGR prodita detectioD based upon tbc gready in- 
creased lluorcsoCTCC that etWdxura btoinide and oifter 
DNA binding dyes exhibit when they are bound .to_ds- 
DNA^*^^ As outlined in Figure 1, a pioiotypic PGR 



Although tUc potential benefits of PCR to chn- 
kai d&gnostKs arc weH knowri''^ it i$ suU not 
widely used in this setting, even tliough it w 
foixt- j'carA fiioco thermovtabl* DNA potyme*-- 

ases* made PCR practical Some of the reasons ft>r Its slow. 
Rocepiancc are high cost, tad of automation of pre-_and 
post*PCR processing steps, and false positive resultsjroin 
camrovCT<ontamination< The fim tWo points arc related 
iti tJwit labor is the largest contributor to cost ait the present 
stage of PCR developmenL Most Curretit assajj require 
sonje form of "downstream" processing once tbetmocy- 
ding ifi done in order lo decennine whether the t^^et 
DNA sequence was present and has amplified. These 
include DNA hybridiwoon**, gel jfcctropboresis with or 
without use of TOtriabn digestion^.'*; HPW?, or capaiaiy 
eleoTophoTOls'^. These cocthods at< labor4nteiwc. have, 
low throughput, and are difi&cult to auttraate. The third 
point is aLo ck»c*y related to downstream processmg. 
The handling of the PCS. product iti these downstrcaitt 
processes increases the cbances that amplified DNA wift 
spread through the typing fab, resulong in a risk of 
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RQVSE 1 Principle of simukancous amplification aDd dctecttOA of 
PCR product The compcucnttofa Ptecotitwnri^ EtBrdjat icrt 
ftuorewnt ar^lisied— EtBr itself, EtBr bound tocsthcr ssDNAor 
dsiDN A. There is a large fiuorcscetvcc cnhanocmcflt when EtBr is 
bound to PNA and Iwndmg ia greatly enhanced i»hcn DNA .iS 
doiAlc-strandcd, Aiftcr sufficient <n) .cjdcs of PGR* &e .nct 
increase m dirf)NA residts in additional Ed^ buicfing, and Jt net 
iDcrcstse in total ilu<nrcsocn(£: 
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fMfkt 2 Gd ckdrophoresis of PCEL ain)pli6f3tion prodiicts of ihc 
huioao, tiudcar gene* HLA X)QtL, nukde in the presoacc of 
tncrc;($fj3i|; aisKmnts of EtBr (np lo 9 p-g^tnl). The presence of 
ttRr Eias ao obviom effect on itic ykW or specificity of ampZifr- 
ciaoa. 



A. 



— • tt<ftMM 



B. 




C 17 21 as 29 
\ \ I / / 



trig 
fnole 




n<SI>E I (A) Ftuotcscence mcasurcmcfm ftx«i PCRs tbdt coolaia 
0.5 ^^ni EtBr and that ati? specific for V-^itott^soaoK repeat 
^oetiod. Five relocate FGRs>ere begun contftlningcstch oi the 
UnM spedfted. At rach hsdicAcd cyde, one of the five replicate 
PCKs for odh DNA -wds ccnioved from thermocydxng and Hft 
fluorescence measured. Uniu of fluorescence are aTtitrzry. (R) 
UV photography of PCRtuhcs (0,5 ml EppendOTf^tyle, poiyjfwo* 
pytci>e mtctv<«ntTifuRC :tubcs) c6nt»)am|^ rcactioDGf those stAtt^ 
ing &DHI t ng male DN A Mtd control reactions vUhout suiy DNA, 
from (A), 



begins vritb primers that ar« singlisstrandcd DNA (ss* 
DNA), dNTP*, acd DNA polymerase: An amount of 
6sDNA contaitimg the target sequence (target DtiA) k 
also typically present Thh iinsouat can vary, depending 



on the application, from single-ceU amount$ of DNA'' to 
microp^mfs per PGR", If EtBr is present^ the reagenu 
that wiU fluoresce, in order of incrcakin^ fluorescence, are 
fr^ EiBr h»clfi and EtBr bound to the singk-fitraitdcd 
DNA pnnaett and to the doublc^tiitndcd target DNA (bf 
its tntercahdon between the stacked bases of the DNA 
doubJc-hc^. After the first denatutation cyde, target 
DNA wiU bt largety sindc-stranded. After a PCR is 
oompletcdL the most ^giiiM^t change is the increase in 
the amount of dsDNA (the PGR prx^ua tt$dO of up to 
several ooserogr^ms. Formerly free EtBr is bound to the 
additional dsDNA4 resulting in an mcrease in fiupres- 
ccnoc* There is also some decrease in the amoool of 
ssDNA primer* but becauM; the binding of EtBr to sfiDNA 
is much less than to dsDNA, the efEcct of tbb change on 
the coUi fluore$ccricc of the sample is smalL The Dxiorcs- 
cencie incftdsc can be loearared by directing c^dtadon 
illutttinaiion through the walls of the ampliBeatiOA vessel 
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bctbrc and after, or even ainiinuously during, thermocy- 
ding. 

RESULTS 

PCR m die presence of EtBr. I:q order to' asset^s the 
alfcct of EtBr In PCR, ampHficacions of the hum^ Hl^ 
DQa gene*^ were pcrfbnncd with the dye pment a( 
concentrations from 0,06 to 8,0 M-fi^ml (a tyjpkal concen. 
tration of EtBr a<^d tn staking of nudek acids iolloiving 
gel e)cctrophoresis is 0.5 \L^m^, As shovm in Figure 2^ gd 
etectro^borcsis revealed little or no difference in the peid 
or quality of the atnplificadon product vhcth^^r EtBr was 
absent or present at any of these concentrations, indicat-^ 
ing that EtBi- does not inhibit 

Deteetxm of fa^unaa Y-ehtomownnMs speciilc 
^oenceS' Sequence-specihc^ fluorescence enhanoement of 
EiBr as a result of PCR vi3B dononscrastdd in a series of 
amplifications containing 0,5 yi^^mi EtBr and ptimen 
fipedftc to repeat DNA sequences found on die humati 
Y-chromosomc**- These PCRs initially contained either 
60 ng male. 60 ng female, 2 ng jDsdk human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21 » 24 and 29 cydes of thenuocydtng» a PCR for cadi 
DNA ifvas removed from the thermocyder, and its fluo- 
rescence measured in a spectrofinorometer and plotted 
vs. amplificadon cycle number (Fig. 3 A), The shape of this 
curve TcSccts the iact that by the time an intreasc in 
fluorescence can be detected^ die increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the Ruorcscencc increased abou; three-fold 
over the l^d;gro«nd fiuote&cence for die PCRs tt>ntain' 
ing human male DNA, but did not signi&amdy increase 
for negadve control PCRs, which centred either no 
DNA or human female DNA. The more 'male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cydes were needed tso give a detectaWc increase in fluo- 
rescence. Od dectttmhoresis oo the products of these 
ampMcations showed that DNA fragments of the ex- 
pected ^Jzc were made in the mak DNA containing 
reacttons and that Ikde DN A synthesis took place in the 
control saiD^es, 

In addition, the inCFca9c in fluorescence wa* visualized 
by simply laymg the cc»npleted, unopened PCRs on a UV 
iransiihiminator and photogxnphing them through a red' 
^ter. This is shown in figure SB lor the reacdous thai 
iDcgan with 2 ng male DNA and those with no DNA^ 

Dececdon of specific alkies of the httman 0-^ohco 
gene. In order to demonstrate that this apprdadi has 
adequate spedfidty to aDow geneck screening, a dfbcccuon 
of tbc jackle-ccll anemia mutadbn was performed' Figure 
4 shows the Buotesccncc from completed ainp^^ficadoti^ 

oontaindng EtBr (03 liLS^ent) as detaet^ hy photography 

of the ixaction cubes on a UV trapsOlmnsnator. These 
reactions were petfotmed nsan^ pniQexn spedftc for ci* 
ther the- w3d-t^^ or sickle-oell mutadon of the human 
p-globin g«ie* \ The spccifvdty for each allcU: is imparted 
by plachig the sld^mutaiioa sUe at the terminal 3' 
nudeoddc of one primer. By using an appropijate primer 
annealb^ temperature, prints extensjin*— ati<i 
ptiBiZsiioihi — can uke place only if the 5' nudeotide of 
primer is cornplemcptaTy to the ^^ksbin alldc present^' 

Each pair 6f amplifications shown in Figure 4 consists of 
a reaction with either the wildHype allcfc spedfic 
tiibc) or skkle-aUde spedfic (right tube) primers. Three 
dififerent DNAs were typed: DNA from a homozygous, 
wiW-type p-giobin individual (A A); from a heterozygous 
Mdde p^giobin individual (AS); and from a homozygous 
sickle P-gtotwo individual (SS). Each DNA (50 ng; gci^omic 
DNA to start cich PGR) vtas analyzed in tripHcatc (3 pain 
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-f reactions each). The DNA .type vas reflected in the 
Ljaove fluoresccttce ititeniiide* in each pair of completed 
^mplia*^ There was a significant inarease in fluores- 
!cioc only where a p-g^lobin aDele DNA matched the 
prirocr «ct. When measured on a spcctrofltioroineicr 
Mata not shown), this BuorcKcmcc was about three times 
Jl^t present in a PGR where both p-dobin allcics were 
wibit!i»tchcd to the primer sei^ Gel clcctnophoreew (not 
flhowrt) established that ch« increase iti fluorescence W5 
due to the ?ynthe.<as of nearly a microgram of a DNA 
fragment of the expected size for ^-j^lobin. There was 
iitdc synthestt of daDNA in reactions in . which the aliek- 
-pedfic primer was mismatdied to both alleles. 

Cootimio^ xnonltonng of a PGR. Using a fiber optk 
dcvker It U poSKibte to direct exciitatlon lUuminaLion from 
P spoctrofiuorometcr to a PGR undergoing thcnnocyding 
B^d to return its fluorescence to the Kpcctroftuorometer. 
The fluorescence readout of such an arraA^ement, di- 
tcaed at an EtBixxmtaintng amplificadon of Y-chromo- 
«»n>e spedSc sequences from 25 ng of toman male DNA^ 
is shown in Figure 5. The readout from a control PCR 
ttfiUi no target DNA is also shown. Thirty cycles of PGR 
vere monitored for each. 

The ftuorcsccnce trace a function of time dearly 
shows the effect of the thermocyding. Fluorescence inien- 
jdty rises and feJb invcrsdy wt^ temperature The fluo- 
rdccnce intendty is minimum at the deiuturadon tem- 
perature (^*C) and maxinium at the anneaUn^extension 
tcmpcratoix: ($0°C>. In the negative-control PGR, these 
6uorcscence maxima and aunima do not change $igni6- 
cuniiy over the thirty tbcnnocydcs, indicating that there is 
IHiJc dsDNA synthesis ^thout the appropriate target 
DNA, and there is titck if any WcstchiiM of E«Br during 
the continuous illuminadon t&f the samjMe. 

Jn the PGR containing male DNA, the fluorescence 
maxima at the anneafing/esccension temperature begin to 
increase at about 4000 seconds of thennocyding, and 
continue to increase wHh time, itidkating that dsDNA is 
being produced at a detectable leveL Noce that the fluo- 
rescence minima at the denaturation tetnperanire do not 
ftiffniRcandy increase, presumably because at tins temper- 
ature there is no dsDN A for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
ccnee increase at the anneaKng temperature. Analysis of 
ihc prod ucts of the$c two amphScadons by gel clcctn>pho- 

fcpis showed a DNA fi^gment of the expected size for the 
male DNA confining sample and no detectable DNA 
syniheids for the control sampte. 

DISCUSSION 

Downstream processes sudi as hybiidir^on to a se- 
qveace-Apedfic probe can enhance tlie specifidty'of DNA 
deteuivii PGR, The ctimination of di^c proccwca. 
means that' the spcdfidty of this homogeneous assay 
depends solely on that of PCR. In the case of sickle^ 
dMCase, we have shown that PGR ak>nc has snffident DNA 
sequence spcdfidty to permit genetic screening. Using 
appropriate amplification conditions, there b Hitlc non* 
9pcdfic producdon of dsDNA in the absence of the 
appropriate target allele. 

The spedfidiy required to detica pathogens can be 
more or less than Aat rctjuired* to do genetic screening 
depending on the number of pathogens in the samjjle aM 
the amount of other DNA that must be taken widi die 
sample. A difiicuk targ€it is HIV, which Tcquircs detection 
of a viral genome that can be at the level of a few copies 
per thousands of host ccUs*. CotapaTed with genedc 
Xreenmg, whidi is performed on cdh ^containing at least 
one copy of tlie target sequence, HIV [detecdqn T€quir;C5 
both more spedfidty atjd the inpxu of more t^)^ 
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UV photomphy of FCR tubc& omtaiiunfi ampUficauoiu 
^ng Eti9r \hH art spcdfitc to wiMkype (A) or skWe afidcs cf 
llic ftinwn ^-riobin goic. The Idft <W 

aIlde>^>Gdfic pHmers to Ote wild-type afldes, die righf tube 
primers to the aacWe aflele- The phoiottrat* was tatcn after »G 
eydcs of PGR, and the input DhlAs axMl the audes^^ contain 
are indkated. iFlfty sg of DNA was used to bcpn PGR Typtjig 
was dohc in trif^cc (3 patts ofPCRs) for cadi inpm DNA: 
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RGOnS Cofltitmaus* rcaUhae mowtormg ofa PGR. A&)a<yptK 
was ojcd to eany cudtation light tn a PUR m progrws and am 
emitted light boA to a fluoromctcr ^scc Expenmcntal n^tOTg). 
Ainpli6caBoa US»i^ "human mjtlo-DNA mcoSc pniBcn in a PGR 
Statung with ^ ng of human male DNA (topX or i« x control 
PGR without DNA (boUom). were nronhoird. Thirty cydes of 
PGR yrctt fcaiowcd for each. The* tempcr^ure cycled b^iveen 
Si^C (denatumdota) and 50*C (a^incalidg and cxtcnwon). Note tn 
the mde DNA PC3t,.the cyde (droc) depfeasJcot infieasc in 
fluonsocncc at tb£ andtaEttg^extenMon tcape tature. 
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I DN Up to microgram amount»-Ha order to have suf- 
Bcicnt numbers of taj|;ct sequences. This Iarg« amount of 
Jtcaxting D^A H) an ampUhCatkxi signiticiintly increases 
the iacVgrourtd fluorescence over vrtwcb amy additional 
fluorescence produced by ?CR. must be detected. An 
additional complication that occurs whh targets tn tow 
copy*number is the formation of the *'prinicr-dimer" 
anifacu This is the result of the extension of one primer 
using the other pnmcr as a tcicaplate. Although this occurs 
infrequently, once it occurs thc extension product ts a 
substrate for PCk ain|dificationf ajid can compete whh 
true PGR targets if those targets are rarx:. ITie primer- 
dimcr ptodua i$ of course d$DNA and thus a potential 
sounre of' ^Ise signal In this komoffcneouit a«$ay. 

To increase PGR spedfidty and teduce die effect of 
primerwdimcr antplifvcatiOTi. we are investigating a rium* 
oer of approaches, including the use of ncsted^primer 
ampUfkauom that take place in a sangie tube', and the 
liot-start*'. in which nonspedfic amptitkation i& reduced 
by nusing the temperature of the reaction before DNA 
synthesis begins**, Prdhninary resuks using these ap- 
proaches suggest thatprwncr-dtrocr is effectively reduced 
and it is possible to detect the incr<:ase in EcBr fluores- 
cence in a PGR instigafied by a single HIV genome b a 
background of 10* <sdts. With larger numbcTB^ of c<fls, the 
background flvorcsccnce contributed by genomic DNA 
becomes probiematic. To reduce tlu9 bockground, it itnay 
be possil^ to use sequenee-q>ed(ic DNA-binding dyes 
that can be made loprcfcrendally l»nd PGR product over 
genomic DNA by mcor|>orating the dye-binding DNA 
sequence into the PGR product through a 5' *add-on" to . 
the oligonucleotide primer*'*. 

We nave shown that the detection of BuorescetKe 
generated by an EtBr-contaming PGR is straightforward, 
both ODCC PGR is cotnpkted and continuously during 
thermocyding. The ease with which automation of spe- 
dfk DNA detection can be accomplished is the rnost 
ptotnidng aspect of tlus assay. The Huorescence analysis 
of completed PGR* is already jjossil^c with cxwtir^^g irntru- 
znentation in 96-weIl formar *. In tins format, the fiuores^ 
Gcncc in each PGR can be ^uantitated bcfpTe« after, and 
even ai selected points during therraocyciipg by moving 
the rack of PCRs to a 967niiarow]l piate fluorescence 
reader**. 

The instrumentation necessary to oontinuouAiy monitor 
multiple PCRs simvltancoufily is also simple in prind{^. 
A direct extension of the apparatus used here is to have 
multiple fiberopdcs transmit the citation light and flu- 
orescent emissions to and frojn mulopte PCRs. Tlie ability 
to monitor multiple PCRs continuously may allow quao- 
titatioa of target UNA copy number. Figure 5 shoinrs that 
the larger the amount of starting target DNA, the sooner 
during PGR a fliiorftscencc increase w detected, Prciinii- 
nary e5q>crimcnts <Higuchi and DoUinger, manuscript in 
preparation) ^ith continuous nmiutoring have shown a 
sensitivity to two-fold differences in inttSal target DNA 
concentradon. 

GonvcrsdY, if the number of target molecules is 
known — a$ it can be in genetic screening— iwntinuotis 
monitoring may provide a means pf detecting fahc poa- 
tivc ajKJ false negative rc$u|t$. With a known number of 
tax^ct ntolectiks, a true poddve would exhibit detectable 
Ruorescenoe by a predictable number of cycles of PGR. 
Increases in fiucrcscence detected before or after that 
cycle would indicate potential artifacts* False negative 
resuks due to, for example,. inhibidon of DNA polymer- 
ase, may be detected by induding within each PGR an 
ineffjciendy aropRfyijig marker, Thxs marker rcaults in a 
AuoreficcDGe increase oidy aScr a large natnbcr of cy- 
des— many more than arc ncpcssary to detect a true 
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positive. If a sample fails to have a fluorescence incrca^ 
after this many cycles, inhtbitton may be suspected. Since, 
in tills assay, conclusions are drawn based on (he presence 
or absence of flworcscetfcoc signal alone, sudi controls rnay 
be important. In any event, hefore any test based on this 
prindple is ready for the dinic:; an assessment of tti faUe 
posidve/false negative rates wfll need to be obtained using 
a large number of known samj^es- 

In ^wmmar)*, thie tnduuon to PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detca spcd&c DNA ampUficacion from oucsidit 
ihc PCR tube- In the future. Instruments based upon this 
prindpJe may facilitate the more widespread use of PGR 
in ap^cations that demaxid the h%h throughput of 
satnplcS' 

SXPEHtnfENTAL PROTOCOL 

HwDHn HLA-DOn geute ^MEupKlkatioiks ccmtainlK Ct&, 
PCRs were «t «p inl 00 jjJ volumes conlaining 1 0 mM TWHQ, 
pH 8.3; SO mM KCi; 4 niM MgO^: S3 units of Taq DNA 
polymerase (P^erltSn^^Elmcr Ccnn, Nonralk, CT); 20 pniolc each 
of human HtA-DOa ' gene spcdtic oligoiiuclcodae primcnt 
(>HJ6 and CH27" and approoaraately W copies of DQot PCR 
roduct dihrted frt>in a previous I'eactjw. Ethidiuon bromide 
Sigttu^ was used At tbe oonccatiadons indicatea io Figore 
_ Thermocyding proceeded for 20 cycles in a modd 4^ 
UicrHKKyder (Perltin^itiCf Ccn»* Norwklk, Ct) uangj 
cycle" program of 94*C for 1 min-dccatuntliofi and WG for 30 
sec annc^Ebng and ?2*C for 30 lec. extension. 

Y^comomnc specific P<3L KKs {XOQ yl total reactton 
volume) contadttiingOJ* |ifiAool Et3r were prepared, as described 
for HLA-DQttr except wi& diflcrcnt primcn and car«et DNAs. 
These PCRs contsiftcd ) 5 pmote each male DN A-*pcci»c prttnen 
YI.I and arid chher 60 ng male, €0 nefemale, S ng male, 

or no human DNA. Thermocyding irtis94*C Tor 1 min- and 60^ 
for 1 min unng a "rtcj^-cyde** p i XH jr w u- The number of cycles for 
a samjde >«rt as intficaied in 3- ffluprcsccncc measure- 
ment » described bdow. ^ 

Allelc^pcGsfic^ haiziao ^-gloMn ^tfu0 PGR. AmpUficaitons of 
100 fU vQJume' losing 0 5 MfiAnl <rf were ptejf>ami a; 
described for HLA-I>Qai above except with diffcrcm prtmcrs and 
taigct DNAs. These PGfU cottiaintd eiOxr. primer pair HOPS/ 
Hi&14A <wiW-type globin ipecac primcw) or HOmipi-tS tsjck- 
4e-rioWn speoBc primers) at 10 pmc^e «Jfich pnmcr par rcR, 
Tlw« primcre wre dc*efeped by Wu ct aL". Three dtffcreiU 
tatgei DNAa trerc tucd in separate amplificatioiis— 50 ng cact Qt 
human DNA that was homoxy:gous for the sfcVlc trait (5S), DNA 
that was heterDzygouA for the skWe ttak ( A$X or DNA that 
hoai«trgous for Ac w.c globin (AA). Thermocyc&tig wa« for SO 
cycles at 94'C ftjr 1 min. and S5>*CtoT 1 min. it«Jtt| 3 "stcpcycte 
program. An anneaHi^ Umpcrature of 65^ had been jihown tjy 
Wu «t aL*' 10 provide alldc-spcdfic atpplitauon. <i>mpl^a 
PCR« were photographed through a red ftttcr <Wral!Cjrz3A) 
after placing the reac&yn lubcs atop a model TTSl-SS tr^nsifliUlfti- 
nator (UV-pioducts Saf^ Gahrid, CA>. 

FhiOf<s<«nce measiirEmctit.Fluore«ie»OC rocasoircments wct< 
mad<i on PCRs containing; EtBr in a Fluorolog»2 flttoromcter 
(SPEX, Edison. NJ). ^^jccitadon was at die "^.^^^^.^.S? 
ihour 2 nm band^di with a GO 435 ntn «'J-^i§Iw*'JMr»c3 
Crist, Inc.» Irvine. CA) to exdudc sccond-^wfder Ught Eronwd 
Ught was deteaed at SW nm iridi a bandwidtb;pf about 7 nm. An 
<X> 530 um cut-off Biter was used u> remove the excitation hgJJt 
CtmtitHfOtift finorescence immiMing of FCR, Contmu^JS 
monitoring oif a fCK in progrcw yms accomj^wbed usmg die 
spcctrofluoromeict and sctdnga described above as wcW as a 
iScroptkr wcessory (SPJEX cat no. 1950)10 both send cxatawm 
fight to, and rccdve emitted Ught from, a PGR pfaocd m a >ven of 
a model 480 chcniK)cydcr (Ptrkm-Elmer C«tus). The probe e^n 
of the fiberoptic cable was attached v iih "5 mjn.ut<:-cpox>*' to m 
open top of a PGR tube (a 0.5 ml po^ypw^pylenc ccntnfiffic tube 
wth its cap removed) effeawcly acafing tl- The exposed top 
the PGR iul>c and the end of the fiberoptic catte were shjcldcd 
from room light and the room ijghts were kept dimmed durmg 
each nijfc. The monitored PCR was an omplitt<Auon <« V-ciio- 
roo?6mi>*pedfic repeat setjweftce* aa described above, c»ccpt 
using an aimeaKngtextensjon lettPpeTauirc of SO^. T?JC rcactson 
was de>rttc6 widi mineral <m1 (2 drops) to present evapdranotj- 
TbcnuocycEng-and flucreSOCncc rocasuccmcnt v-ere started si- 
multaneously, A time-base scan witft a lO soomd iiitegratioii tone 
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ufe<l the «r»lssioa S^gaai was ratiocd to' tbc cxrjtattoo 
fligrtjJ contro! foe ch?it?jtcs in li^t-nnircc intcninty. Ofita.wcre 
oollccii^ using the dni3000f, version S.5 (SPE30 data systcm. 
Acl^RoKle^h^racnts 
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1, Multix. K., FtOootia; F., ScHar^ S., SaSJ. R., Kphi, O. ukI Ei&lw H. 
)f)lA6. Spodfic mTymaUc Aouxl^fsiiion of DMA m vitn: The pot/iacr- 
sac chiim KMckiti. Ch'H^B 51:269-273. 

2, WhrM. T. J., Arnhcim. N. and j&rftdi. U. A. I9ffi)l The poSyroGTBSC 
^Ifl reaakm. Trends GeneL &:1&S-16$. 

3, ErKch, R A., Cdftnd, t>. and Siunsky, J. 1^1 . Recent vdvancca in 
iSte B<)inAtttBK: rfcdn rcacLou. Science %$2;l&43~i651. 

4, Sallci. CdfAitd, q.H., StoSdL St^ri, Higudii, IL, 
Horo. G. T.* Mttlfi^ R. B. ;aid Eriidt H. A. jPnmer-dtrectcd 
eitnrnuhtk amolificaCioR cf DNA «Kb a ^bcrmoita3>1c I>NA p^hmwr' 
«M. Soencc sfe;4$7*^91. 

S>ilu. It K^, Walah« P. Lcvenynr, C. H. and Effi^, H* A, 1989. 
Cenctk ftoaJyais vf amplified UNA \dih biunobilized^tiencc^pcdlk 
4^cDnurlR0tKlc plxAo^ Proc hiad. Ac^ 8d. USA M:fi2S0<«6234. 

6. Kwolu S. y.. Madk. XX H.. MuRis. X. SVwcr. B.J.. Etuikh, C. 
BJBir. XX And FnednuA-^Uen, A^ 5. X9Q7. Idfintxtedon cf bvinan 
■MJmiuodefidency vsruE! ocqu£nca,t^ utuig ^ vilro enzviUAik amptc- 
fk^cion luid oUgoiDcr dcMge aetccdoiu J. VIraL 61t]^'-ieSK. 

V, (^ichftb, F. F, Dcd>cnv. Cai* S. P.^ Kan, Y. W., Coopci, *nd 
Rubnn, K- M, 1987. DctccUoft i>f ttdtSe {^cS ancxnia uid thabxActnuCt 
Nutvn: 109:2^5-294, 

8. Hcim» C. T.. fijdur^ B. and Klik^«r, K. W. 1099. An^ificadon ftf a 
Ingtily polyroorphic VNTA icgmcm t^r'tbc polynscra.^ chain rvactrao. 
Muc Acidb 16i9l40. 

9. Kjku, £. O- and Don^* M. VV. 1990. R»pfd«Da]ysb ind p uj i fiM tfw of 
poUymcnac ^ahi rc^ctkmproducu ,bv Jngh-perfonitaiiec fi^td diro* 

]Q. Hdffcr, b. Obcn, A. S. and Kir^, 3. L. 1990. Separai^ of 
PNa rftsuictwci ffagrttCAu by hSgt) penorcDamoE: ctpinary dbcctroptao- 
rab whh km an4 tcto croisDnCed pa)7acryl<umdc Ofifig coftdnunus 
AoC pubcd ekotk AcMjl j. C3iromfllo«r. 61&S3»4{L 

U, Kwt^ S. Y. and Hiffittbi, R. O. 7969. Avradrng BIm podtfrcs wid) 
rCR. Nji£Uf« 8S9i£>7-238. 

la, Cli':tuib, F. F. nnd Kan, Y. W. 1989^ Dcitcriott of spopfic DKA 
9CQueikc» hr HtKmscnice AOiplUicttioa: a color compicmcaiaUoti 
ow, rixic- Nsitl Acad: Sd. tJ5A 8&i9]7S-^182. 

IK. Hontnd, P. Abjanw^n, R. D,^ WaiAoo. K, and' Gelfaad, H. 



199L Dciection oT spcdfic polycn«nisc cbuQ reacdoti prx>dun bv 

ntUiziaff tbo 6* lo 5' a^onulcsic tctn-fw 77^min>9 «nMubrr», niJ? 

polynwraw, Ptoc Nad. Add- 5d. OSA 88:7276-7280/ 
14. MarlovUs,J., Roquca, B. P. and U PeoJ, J. B. 1979. EdiSdimn aimers 

« ncn rca«:»ii ftir die ffuorintctric d^tconmatkm of nTid«/=7u/ 

Atod. BSocbon, 94:2S9-4»1. '^'^^ 
tS. KaptMdbitU, J. awt Socr, W. 1979. lincr^ctioios of 4',6-diami<iinc-2* 

^lienylxiidoSc wHb ftyodwdc polynudeoddcit. Ntfc Add^ Rcs^ 6^5519- 

dS34t 

1& ^Searlc, M< S. and Cmbrcy, K, J. 1990. Sotjuifncc^^pedfic kncnctkni of 
Hotacht 932&8 mcb itu: mntsr groove of an ^cnitic-t^BCt^^A 
duplex nudW in 3oMioo by ^ H NMR jcpectr«o<opy. >^uc Adds^Rjcs. 

AnOucira, K 1988. At npJHication aiid axaUpa qT DNA anqtiiiuiT^ 
^fu;3e Kutnan speno and diploid cdb. Nature SSffi4l4_^ 

18. AW)Ott» M* A., INj^cjtfc, B. J.» Byrne, B. C. KwoL, S. Siuliskv t i 
and£dkli»H. A. 1988. &)i«yixK«tk gene antplifkat^ocf <p<sdi<«Uye iltti 
QiumftkfiTt roct^^ for dctmia^ pn)v09l DMA atnpGh«(( tn x^a; j, ' 

19. Sitki, ft. ^ Bimawan, T. L.^ H<rm, C*. MuBis» K_ b. atsd EHich 
gjA. l«Ja A^r^ of en^ymjOcrily ampfi^ awi1S>I 

• lK>a. DNA wi6 aadfrst«scifit afigonudeotide pf^jbcs^ Nature 

20. Koflun, & C Doberty, M- atnd GUscbjcr; J. 1987. An hotimica 
mcokod for pmiatal dtagooou of tfenctk di^eaMs by wuhnM «r 
amplified DNA aeijuttipa. N. £r^ J. Med. 317:985-990. 

21. Ww. Ugiwi^ 1U. PhJ, B.R. wid Wallact, R.», 

ipecUt£ tam^»ik arapUtkadoo of ^«g{fllnn gtoomic DNA &ir d'lar. 
no«b of ftidde edl ancnvsi. ^roc NatL Acad. Sd. SS^Ts?^??^' 

22. K¥R>k, $.. KcUogK. D. Eh McRiimcy, Spade D., ^J^: 
KWV.C and Sfiii^y. J. J. 1990. "UO^ of priincr-<cti]^liite miiqnaacdK^ 
on ihe. prfw U w^ M i chain reaction; Hofttan ubtanoodeficteMv vin*. 
in>* I'midd KudSci. N«. Addji R«s. 18:999-1005, 

S3. Chou, Q., lUiii^ M. Birdt Dm RaytttoAd,- J, and Bloch, yi. 

P^rcvcntiqa of jwne-PCR inb-sTnoing aind priiDCt diTnenc({|oh rm- 

24. t^gudii, 1^. Usinft PCk (o engineer DNA« p. 6K70 Ttt- PGR 
TedUMfogy. H. A. Eriich (Ed.). SiodLtoii press, Nor V^rk, K Y • 

25. Baft; U Atwood; l-G, I>iCe«irc, j„ Kaiz» E.. Pfojua, 

J. F. and Woodcnbd^g; T- 1991. A hS^h-perferrosiDcc sysiemfor 
aHCcanatran of the polydk^nue ch;dn rciKtton. BK}tc(9uui%iM4 lAtsm 
105, l^MX. ^ ivuvz- 

26. TumoHi N. .abd Xalsin, U 1999. FluorescciU ElA scctejmur of 
inoaoch>na] aniibodita to ccU surfaioe anthem. J. liJxmu^Mii&cli 





IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopdysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concenirailoo of te soluble fom is aftered under 
certain patliologica! conditions. There is evidence for 
an Important rtrfe of $00-14. with polytrauma, sepds. 
burnings and Inflammations. 
During septic condffions and acute infections ft seems 
to be a prognostic mariner and is therefore of vaJue in 
monftoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cufture 

supernatants and ofrer biological fluids. 

Assay features: 12x8 determinations 

(micro^er strips), 
precoated vyrfth a specific 
monoclonal antibody, 
2x1 hour inoubation, 
standard range: 3-96 ng/ml 
detectioiri limit 1 ng/ml 
CV:intra- and interassay < 8% 



for more inf onnation caU or fax. 
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OSTERSTRASSE 86 - D- 2000 HAMBURG 20 - GERMANY TEL. +40/491 00 61-64 • FAX +40 /4011 98 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Livak, Susan J.A, Flood, Jeffrey MarmarO/ WllUam Oiusti^ and Karin Deetz 

PctkJn-Hlincr, Applied Ktc>:(yMcms l>i vision, Hcntter CKy, California 94404 



The 5' iiUClettK* PCR «u«y datnctc th« 

Accumulation of specific PCR producfl. 
by h/brMUaUon anil cleavage of a 
double-labeled fiuorogentc probe 
during the aniplincatlon reaction. 
The probe is an oligonucleotide with 
both a raporter fluorescent dye airvd a 
quencher dye attached. An Increase 
In reporter fluorescence Intenclty In^ 
dicotcs that the probe has hybridized 
to the target PCR product and %tm% 
been cleaved by the 5*^3' nude- 
olytlc activity of Taq DNA pulywn^rtts^. 
In this study^ probes with the 
quencher dy« aliached to an Internal 
nudeotlde were compared with 
probei with the quencher dy« at- 
tached to the )'-end nucleotide. In all 
caics, the reporter dye was attached 
to the S* end. All Intact probes 
ihowed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes* it Is 
proposed that the larger signal Is 
caused by livtreas^d likelihood «»f 
cleavage by Taq DMA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with tiie quendier dye atiaclied to 
the 3'*end nucleotide also eichlbtted 
an Increase In reporter fiuoresceitce 
Inieoftlty wUcn hybridized lo a com- 
plcmentary strand. Tliux oligonucle- 
otides with reporter and quencher 
dyes attached at opposite enda can 
be used as tmniogeneous bybridlxo- 



A 



liomogcnoout aassky for del dieting; 
I J IV Hixnttriuliitluii of specific K'tt proct- 
uct that UMS a double-labeled fiuoro- 
genic probe was dcAcribvil by Lcl* ct al/'* 
The assay vxploirs the S' - » 3' nucle- 
olyilc activity of Taq DNA poly* 

iiitrmae^''*^* artO \s diagramed in I'Igure 1. 
'flic- fluoiogfenlc [mjlu! t'otiyiitts of an oil- 
gonuclcolido. Willi \> reporter fluorescent 
d/c, >uK\y «5 t) fiuore&ccliii attached to 
ihc 5' (Tjid; uud it <^ucnchcr dye* such as a 
rhodaminc, attached internally. When 
tlie tluoresceln Is cxdted by trrariiailon, 
Us HuoreNcent ctnl^slOiV will bo 
quenched it Uic ilanliiiiiiiie b closv. 
enough to be excited through th« pro- 
cess of Iluore5C(Siu;i' energy transler 
(l-KD/"-'' During PCJt, if ^h^ probe is hy^ 
hridirxtd lo a tcmpIflU ili*iiiU, Tcdq DNA 
polymerase will cleave Uic probe be- 
cause of Us inherent A' 3* nucleolytic 
acilv Uy. If the cleavage occurs between 
(he fluorescein and rhodamlnc dyes, it 
causes an increase in fJuoicHvin fluores- 
c^encc intensity l>ccauso the fluorefccein 
IK no laager cjuenchcd. Tli? Increase in 
fluoreifcvln fluorescence. Intensity Itidi* 
talcs tliiit ih« probe-spedflc I'CR product 
has ljcn;n generiiteU. Thus, PET between o 
ie.|Hiiiei dye und a quencher dye Is criti- 
cal to the pcrfornwMcc of the. j^iube In 
Uje 5' iiutl«r<i:kc' PCH a,vs«y. 

Quenching is eomplricly dcpcndcnl 
on the phyxic^l projtitinity of thv two 
dyes/''' Because of this, U has licviii a^* 
SAimcd tbol the qucnclicr dye mu»L be 
uttaclied neaj the 5' end. Sun singly, 
vftf luve found that attaching a rho- 
doiiiiiie dye si the 3' end of a piuln: 



PCriossay. llirthrrmorc, cleavage of Ms 
lype t>f pnihe. \s not required to acnieve. 
some reduction In quenclilng..Oiixt)nu- 
clcotldcs with a reporter ^yc on the 5' 
end and a quencher dye on the 3' end 
exhibit o much lilgUer reporter fluoros- 
CciKv when dounie-stranocd as com- 
pared with Single-stranded, rinji should 
make it pav-siblc to use this type of dou- 
ble* labeled probe for homogeneous de- 
tection of nucleic acid Hyhridizatlon, 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oli^'onuclcotldes uLsed In this 
study. Linker arm nucieotlOp (LAN) 
phosphoramidUc was obtained from 
OJcn Research. The standard DNA plios- 
phorainiditcs, 6-carboxyfIuorcscc'in (6- 
FAM) phosphorainiditCi fi-c^irboxytet» 
raniethylrhodamine succiniirjUtyl csiCf 
(TAMRA NHS ester), and Pbosplialink 
for attaching a :v -blocking phosphate, 
were oDtalncci trom Hr.r kin -Elmer, Ap- 
plied hiosyslems Uivlshm. Oligonucle- 
otide synthesis was performed using an 
ABl model ^94 TjNA synihcslaer tAppiied 
15ius7?items). Vnmcr and complemejit 
oUgonudenades were purified u.sing 
Ollgo Punrw.iilitJfi Cartridges (AppUed 
BLosystcms). iJimblc-lalirlf.d pnibcs wtTC 
.-fynOiesir-c^l with <>-l*AM* labeled phos- 
pliwidiiJfiltLt: al ilic: A' itrid, IAN K'pludllg 

om; of tbcTs In the sequence, and I'hos- 
phalinlc <it the 3* cnd, rollcwing de- 
pintei;tU)n- »iul rttiitriol precipitation* 
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FICURl 1 Diagram of 5* nuclease assay. Stepwise representation of me S' 3' nucleulyrtv ac- 
tivity of Taq UNA pbiymerdsc aalHK on & fliKirt^Kcnic prolic UurJllK OIU' cxtvniiuu phase of I'tlK. 



mM NA-bicarl'OJaRtc buffer (pH 9.0) ftl 
room tcnipcr»itui*c, Unrcacicd clyc was 

iciuuvcU by pcuMf^e ovci a PD-10 Scpllii* 

dcx column. Finally, Ihe double-labeled 
probe WHS purified by prcparnttvr hifih- 
pcrfi^nnance litjutU chromato^rapKy 
(liPIX:) uAing an Aquaporc C:„ 22iM.C- 
mm column with particle sisc. The 
column wsA devdoped with a 24>mhi 
lintxir gradient of 8-20% ucctofiltrllu in 
0,1 M TEAA (trivthyldinlnc ticctatc), 
I'robes are named t^y dcsignaung ihe se- 
quence /rom Tabic 1 and Uic posliloii of 
the lAN-TAMRA moiety. I'or example, 

probe A1-7 has sccjucnce Al with f-AN— 
TAMR^ at nucleotide pa%i(ion 7 from the 
.S' end. 



All PCR amplificaiions were performed 
in the Pcrkhi- Elmer CcncAmp PCR Sys- 
tem ytOU using Mi-jU reactions lhal con- 
tained 10 mM Trls-HCa (pH 6.3), 50 ituA 
kCI, 200 \LfA dA'lT. 200 \LM dCri', 200 jtM 
dCiTP, 400 \LM dXJT?, OS unit of AinpEr- 
ase uracil N-glycosyla&e {PcriUn-Elmer), 



gene Oiuclcolldca 2141'-2435 in the ite* 
<jncncc of Nakalimo-Iijima ci al,/'* ^s 
ttuipUflrd ushi^; piinier^ AI'P and All? 
(Tabic 1), which are modified slightly 
from Ibosc of du Brcull cl ftl/**' Aclin am- 
pliftcoUon reactions ct>nti»(ncd 4 mw 
MgCl);(, 20 ng of human genomic \ WA, 
SO nM Al or A3 probe, and 300 dm each 



primer. The thermal regimen was SO'c: 
(2 mln), 05"^ (10 m\n), AO cydcR of 95V. 
(20 aec), 60*C (1 niin), «nd hold at 72*C, 
A 515-Dp xegnieni was amplified from u 
plasmld tj.iat consUtK ol a segment ol \ 
DNA (micl'cotldca 32,2?0-3?.,747) in- 
serted in the Snfai slt« oi voctor pUCl 19. 
nitrsv rcai-tluiis i.xiinultu:U i"m 
MK'-ia< ^ "R o'plttsmid DNA, 50 riM yz or 
P5 probe, 200 i\u primer F119, and 2CX) 
UM piu'nei R119. 'ITie thermal rcffiincn 
was $0"C (2 mln). V5*C (10 mln), 25 ty- 
clc» of 5>5X C20 3CC), 5rc (J mln), nnci 
hold at 72*C 



Munr«!S£encr Detection 

Vox c;icb ampllflcaUon react! on« » 40-^.1 
aliquot of a sample was transferred to an 
Individual well of a white, 9<Lw<i)l micro* 
titer plate (Perkln-thner). Fluorescence 
was measured on the J'crkin-EImer Taq* 
Man Lii-SOU System, which conitisu of a 
lutnlncsconco «)Xtctrom<^tc;r wUli plaic 
reader aaJbembiy, & 4Ri!-nm excitation fit* . 
ter, and a ,Sli)-nm emission filler. FjcCllft' 
tion was at 488 nm iisln)^ a 5*nm sUt 
Width. Emission was measured at 518 

nm for ^-l-AM (the. roporicf or U value) 
and Sfta nm for TAMllA (the quencher or 
Q volut) using a lO-nm slU wJdth. To 

dclcrmiac the hicieasc In iciioiiet wnilv 
slim that 1.1 cuu^cd by dvavagc of the 
probe during PCR, three normati/Jtllona 
arc applied to tlie raw cnUs^ioii d&la. 
>*lrst, emission Intensity of a buffei blank 
Is subtracted for each wuvtrlciii^lh. Sec- 
ond, emission intensity oi the. reporter Is 



TABLE 1 


Sequence:* of OUftOiiuclco4ldc$ 




Najne 


ayi>e 


.Scquenu*. 


PI 19 


piliacr 


ACCX'-ACAGCLAA^rrCATCACCACTC 




prlxncT 


AixncoccrrrcxGGcrrGAcxnTcnciC 


pa 


probi' 


I OGCA'I'XACrO AlCCinxjCCAACCACTp 


P2c: 


coinplcmcnl 


ClACrCCrrCCCAACXJATCACn'AATCCnATC 


PS 


probe 


ctJCArnGci;oo'rArcrAix:ACAAccATp 


r5c 


comploiHCiii 


nrJ^TCCTTGTX>aACA1'ACX:A0CAAArCCC 


Al-'P 


primer 


TCACCCACACTGTGCCCATCTACQA 


ARr 


primer 


CACJCXJUAAt ;t ;c hjhiat fckxviatocj 


Al 


pruljc 


AjX>CCCiXXCCCAK;C^lCClX>O0Tp 




cumplvxnent 


A(L\t:i:tiA(;t;A'ix;<;(jvn;t;c;c;t:A<;(:(K:A'rAC 


A3 


piobc 


CGCCCTCGACTrCCAOCAACiAOAli. 


A3C 


cunipleiucut 


CCATCTCTTOCTCaAAGTCCAGnGCGAC 



Tor cdch ollKonudcuridc ust-d In tills study, Uie nucleic add sequence h given, wrincn in (he 
y » 3' dinxiioii. Thtie are Ouer types of aligonuclcotidcs: PCR primer, fluorogenJe probe used 
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ProbA 
A1-2 

A1-H 

A1-32 
A1-26 



A1-14 
A1-10 

A1-S6 



G18 nm 



6S2 nm 

noWfnt>. < t»fnp. 



39 S d. 2.1 32.7 A 1.0 33.3 it 0.0 36.2 d 2.0 

B3.0i4.3 306.13121.4 106.$ ft- 64 110^:^$.:^ 

187.5*17.9 ia3.7.-t 7.7 70.3:»7.^ 79.02 9.0 

234.0 dO^ 49C.l.'±43.e 100^ ±'1.0 09£10.e 

1 60.£ J 0.9 4i>4 . 1 11 B.^ wy .1 A t9.^ w./ ± a.a 



0X7 * 0.01 
040^0.03 

3.67 3 0.06 



0.60 i O^G 
0.56*0.17 

e.ooio.ic 



CJ2S3.0.03 5.0Ci.0.11 



O.IOdO.OC 

3,18^ 0.I& 
9.13 d 0.16 
C77 10.12 



f)GURE 2 RvsuUs o( S* iiudr«>r n^Mir 4t*iii|>ariii$ prerbcl with TAMRA At dlifffr^nt nucle 

otUlft positions. As doscrllKsd In Material* aad Methods, if'Jt jimplUlcationfc containtng ihe in. 
dicaled ptobti wrre petfonned, and the flmircaccno? emission was measured « 518 and 582 nm. 
Reported vului'K arc the averagers' 1 s.nt for six reactions nm without added (cmplatc {no icmp.) 
and six reacilons run with lemplaie { \ tcpip.). Thi' RQ railo was caicylated for each individual 
reaction and averaged to give Uie rcporleS RQ' and HQ* vaKiEs. 



aivjOcU by the emission Uia'XisUy uf II ic 
quencher to give an . RO riiilo fur cocL 
rtiactioa labc. Tliis normali7.es tor wcll- 
to-wcU Variations in probo roncentra- 
uon and nuorescence measurement. Vu 
naiiy, ARQ 13 caicuiaied tfy .subtracting 
ttic KQ value o( the n o- tempi dte txmiroi 
(RQ") from the RQ vaiuti hit the win- 
plcic rcaoion includUig template 
(RQ ' ). 

RESULTS 

A sencs Of probes witJi inacasing dis- 
lauces Dctwecn the Ouure.*iccm rcpurici 
and rhodamlne quencher were tccftvU ti» 
investigate the minimum and maximum 
spacing that wauia give an acceptable 
performance in the 5' nuclcnse rCH as- 
say. Tnese prubes hybridize to a target 



sequence in ihe human p-actin grnr.. 
n^uic Z shows the results of an cxjjcri- 
niciil in wluch ihcsc- probes were In- 
cluded in PCR thai amplified a segment 
of the p'iHlin ^t^iif. axilaliilng the idjgct 
sci|uciicr- IVifoiiiitiiR'e in (he 5' (iu< 
clease I*CR as^uiy h nionllDreU l;y Uic 
m<)$nliuric of AkCi which b a measure 
of the Increastf hi reporter HuorocniKv 
uiwktni l)y PCK amplification of the 
probe turgct. Probef Al-2 liaa a ^RQ value 
that Is close to rcro. Indicating thai the 
jirobe was not cleavied appreciably tlut- 
Ing the ainpliftcnuou rr»v.iUiii. Tliii* aug- 
Rc^la thai wUll ihc tjucn^Kcr dye on 
sccuiid nucleotide from the ^l' end, there 
Is lusufneient rtHnn ft>t Tai^ |>olymcrast: 
to dcavc efflcIeiUIy between the reporter 
and ;jueiidiei. Tlic olhcr five probes ex- 
hibited comparable AHQ values lhal are 



clearly diffctcni from zero, 'rhu.s oil fWc 
prolxTM am bcfng clc«vrd dwrint; VCM am- 
jillOcailuii louItiiiK ill a siiiiliar tnerea^r 
in icportci* fluui^ccJicc. Jt Mhould be 

noted lhat complete digc-siion of a probe 
produces a mucli larger inaeasc in re- 
porter fluorescence Uian that observed 

in ri^uro 2 (daift not sliown). Tluis, even 
In reactions wiicrc ainplif oration occurs, 
the ma)nrity of proiw molecules remain 
undeaved. It is mainly for Ihts reason 
that the fluorescence intensity of the 
quencher dye TAMJIA chan^^ct IIHlc wllh 
amplinrallon nf ihc targei. This l.s whal 

allows OS to use the 582*T7m fluorcscc.nctr. 
residing as a normallxatton factor. 

The niagnihidn nf UQ' dppr^nris 

moinJy on the quenching efficiency in- 
hertinr in the. spe.citic .itnicture ol the 
probe and the purity of tlie oligonucle- 
otide. Thus, the larger HQ" values Indl* 

caie that probes A1'14, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7, Still, the degree 
of quenching itt sufficient to detect a 
highly .significant ln<Ttuj.H<i In reporter 
fluorc.%cencc when c«ch of these probei 
ia cleaved during PCR. 

To further Investigate the ability of 
TAMKA on the 3' end to quench Cj-FAM 
on the 5' end, three additional pain of 
probes were tested in the 5' nuclease 
PGR assay. Foi each pair, one pccbe has 
TAMIIA attached to nn in tern ol nude- 
ulidt: and U'le I'llhei ha.s TAMUA alUchcd 
to the V end nucleotide. The tcsulls are 
shown In Tabic Vor all three sets the 
ptobe with the 3* quencher cxhihits u 
AKQ value thai is wnsiUcrably fiiftl»ci 
than for the probe with the Inicrnal 
quencher, The HQ' values suggCsM iKni 
dirrerences In quenching are not as jjrcul- 
as those obscrvctl with some t)f the Al 
prohc.i. Ttieae results dcnionstralc lhat a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



;r<; 



A'.: 



the 

the 



TABLE 2 Results of S' NucJeane As;iay Cx>mparing l*robt;a wiOi TAMRA Attac.h<Hl to an Internal or 3' 'terminal Nucleotide 

.(»ft2 nm 



&18 niM 



Probe 


no temp. 


+ temp- 


no icuip. 


i leinp. 


UQ 






A3-6 
A3-24 


S4.6 ± 3.2 
7tA :t 2.9 


236.5 A 11.1 


116.2:1 6.4 
ft4.2 * 4.0 


I3.s.b J. i.5 
90.2 'J. 3,8 


0.47 :l 0.02 
0.86 a 0.02 


0.73 a. 0.0H 
2.62 d 0.05 


0.20 ± O.UA 
1.76 ±0.05 


17-7 
1*2-27 


82.8 3. 4.4 
113.4 2:6,6 


3tI4.0± 34.1 
555.4 ± 14-1 


lOyi X 6.4 
340.7 * 8.5 


120,4 =r ia2 
118.7=: 4.8 


0.79 1 0.t>2 

asi * 0.01 


^A9 * a36 

4.6» i 0.10 


2.40 0,]G 
3.S8 T 0.10 


1*5-10 
PS-28 


77.5 ± 6-S 


244.4 ^ 15.9 
333.6 ± 12.1 


86.7 -X 4,3 
U)Q.6 ± 6.1 


9S-6 6.7 
94.7 Z fi.3 


0.89 « 0,05 ' . 
0.63 ± 0.02 


2-55 0.06 
3.53 it 0.12 


1.66 ± 0.08 
2.89 i 0.13 



Z .w., Qori r^i.i.biiion» were ncrfonncd us described In Molwlol -ud MeUtoda «nd \n the legend to HIg. 1 
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flu()r**!irpnrr of ;» r^prtrtf r dye on the 
end. 11 iv Uvyree of qucncMns iuffi* 

Cioal fur (liiH type of oligonucleotide to 
be used AS a pr6bd in the nuclease PCR 

To test the hypothesis lhal cjucnrhing 
hy a TAMRA depcndc on the flexibility 
Of tjiG olifjonuclootido, fluorescence wis 
mcaiutod fur ijrubeii In the Single- 
JlfAftdcd and Ouublc j;lrandi!d sMtes. T6- 
hlp^ A repcrl^ Uits fluun^scence ohscfvcd 
at S38 and S82 Jim. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio, lior prabCS with TAMRA 
MO nucleotides ffom the S' end, Uicrv 
is little difference In the HQ values when 
a)mparinff single-stranded with double- 
Straudcd oligonucleolldcs. The results 
for prohcs with TAMRA at the 3' end are 

much different. For these probes, hy- 
brid tzatiun to a complementary strand 
aiuses a dramatic Increase in UQ. We 
propose that this loss of quenching is 
caused by the rigid scnicturc of double* 
SlKinded DNA, which prevents the 5' 
and 3' ends from bcin^ in proxlmliy. 
' When TAMRA is placed toward the 3* 
end, there is a marked Mg^ ' effect on 
quenchlHR, Flgur* 3 shows a plot of ob- 
served HQ values for the Al sexlcs of 
probeK as a function of Mg^"* concentra- 
tion. With TAMRA attached near the 5' 
end (prohe Al-2 or Al*7). the UQ value at 
0 niM Mg^" is only Slightly higher than 
RQ at 10 iriM Mk* ' . Por probes Al-19, 
Al-22. and AU26, the RQ values at 0 him 
Mg' ' are very hiuh* Indicating a much 



roduccd quenching; cfflclcnt-y* Por each 
of these probes, lhiii« b m marked de- 
crcosc in ItXX at 1 mtA Mg'' * folltjwcd by 
u gradual decline as the Mg^ ' wntcu- 
trution increase& to 10 mw, I'lubc Al-14 
sliows an intermediate RQ value at 0 rriM 
>4$^* with ti graducil decline H\ hlgMcT 
Wr^"* conCenliallwiis. In a low-salt en- 
vironment with no M^' " present, a sln- 
gle-stmmtcd oJl^ouucteoildc would he 
cicjTcctcd to adopt mt e;ttrnUeti confor* 
matioti because of cicctrosratic repul- 
sion. The binding of Mg'* Ions &c\s to 
shield the negative diarge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
thft :V end is close to the 5' end. There- 
fore, the observed Mg^ ' effects support 
the notion that quenching ol a 5' le. 
porter dye by TAMI^ at or near the 3' 
end depends on the flexibility of the oli- 
gonucleoride. 

DISCUSSION 

The striking finding of this study Is chat 
it yeems Ok- rhodamine dye TAMKA, 
placed at «ny position iu an oligonucle- 
otide, can quench the. fluorescent emis- 
sion of a fluOK'Scein (0-l*AM) placed at 
the 5' end, Tl^ls laiphe^ that a sinftlv- 
strandcd, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is dose to the 5' 
end. h should lie noted that Uie decay of 
6-!'AM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABIC J 


Comparl: 


K>n o{ Pluorc-\c.rtKe Eini^aious o/ Jiliitle.-'iTranded and 




Douliie-jti 


r*ndcd Huoro^ieaic ^i'ob^;^ 














S18 nm 




nm 




RQ 


PmlMf 




ds 






SS 


OS 




27.75 




61.0S 




0.45 


U..SO 


A 1*26 


43.31 


S09.3a 




93.86 


0.81 


5,43 


A3.6 


16.75 




39.33 


16.S.A7 


0.43 


0.38 


A.V24 


30.05 




67.7:! 


140.25 


0,4$ 


3.21 


VZ'7 


35.02 


7o.n 




121.09 


0.64 


0.58 


V2-17 




-^20.47 




61.13 


0.61 


5.25 




27,:U 


144,B5 


01,95 


\65.54 




U.H7 


P5;-2n 


33.65 


4CZ.19 




KH.Ol 


0.46 





(ss) Sljiglc-stranded. 'Ihe fluorescence emissions at 538 or .S82 nin for solutinns rontalnlng a final 
concentration of .SO hm indicated pmlie. lOmw Tris-MCI (pM 8,3). SOniMKO, and lOnm MgCV 
(ds) Douhli>*.trande»d, 'His solutions comained, in addition, 100 iiM AlC for prohp^ Al-7 and 
Ah26, 100 lui A3C for probes A3-6 and A3-24, 100 rtM \*2i : for prtJiH's r2-7 and 17-27* or 100 nw 
rSC ivT probca PA-10 ond r^2». ttcforc ific acdtnop Of f^K^*Ut J M-l Of taclJ imiiplc was Heated 



mattcni for qucncliiin^ U not the avcrBgc 
Oistance bctwexrn O'lAM and TAMiU 
but, rsthcr, how close TAMKA can get lo 
6*MM during die lifenme Of the 6-hAM 
excited stAte. As lon^ as the decuy tirnc of 
the excited .state is relatively long com- 
pared with tlie moleailar motions of the 
oiigonucicotidc, qtienching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position^ can quetich 
6-FAM at the *»' end because TAMRA Is in 
proximity to fi«HAM often enough to be 
able lo accc)^ energy transfer from an 
excited 6'FAM. 

Details of the liuoresceitce measure- 
ments remain puzzling* For example, Ta- 
ble 3 shows that hybrldixation of probes 
Al-26, A3-24, and P5'28 to their comple- 
ment dry strands not only causes a targe 
increase in 6-FAM fluorescence at 51 ri 
nm but also causes a modest increase in 
TAMRA fiuorc.<icc.na' at S82 nm. II 
'I'AMRA is being exdrtid by energy trans- 
fer from quenched 6«VAM, then loss of 
quenching attributable to hybridization 
should cjause a dccces.se In the fluorcv 
cence emission of TAMRA. 'ITic fact that 
the fluorescence emission of TAMRA in- 
creHses indicates that the situation Ls 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially c;, quench 
the fluorescence of both 6-FAM and 
TAMRA tn some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing tile quenching of 
6->AM in an Intact probe is the TAMRA 
dye. Kvldcncc for tlie Importance of 
TAMUA Is that 6 HAM riutjiithcence 
rcmab'}^ rclftUvely uxid)ongcd whtrii 
probes Ittbelcd only with 6-l-AM are used 
In tile 5' nuclease 1*CR assay (data not 
Shown). Secx>ndary effectors of fluores' 
cc-nce, both before «nd afiei cleavage of 
the probe, need to he explored further. 

Hegardlcss of the physical mcciia- 
nlsm, the relative Independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR aflMay. There are three main factors 
llial determine the performance of a 
double-lal^rled fluorcnecnt probe Jn tlic 

nuclease VCll assay. The first factor 1$ 

the degree of quenching tjljservod In the 
intaa probe. Tills b characteri7.ed by the 
vHlue of RQ" , which is the ratio of re- 
port or 10^ quencher fluorescent cmis 
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FIGURE 3 EU^ti t,( Mg"^ ^t^cftAtrMion ftn RQ ratio for the Al scriei of probes. The fluorm-eTK^ 
emission InUasLiy ai S18 and nm was incasurcd for dilutions conUining SO hm probe, 10 mM 
Trh-HCJ (pH fJ3)» 50 mM KCI. <»nd varying aniounu (0-10 him) of MgOi. 'IT>^ caJcvUtH ItQ 
/atio5 (518 nm Intensity ciivfri^cl hy .SfUlnm iitti^iiMlx) an- plultoJ v&. MgCI.-v concentration (inM 

Mk)< Kt:/ {ufffttt ri^hi) ^1m>iv:i I lie jiiutn':^ CAaiutuml. 



dycA used, spacing bc.twftert reporter and 
quencher dyes, nuekotidr sequence 
context cffccbj presence of structure or 
ulhei factur^ llial induce {ItfAibilily uf 

ihe oligonucleotide, and purity of (he 
pTohc. The >ccx>nd fftctar is the c.ffidc.nry 
* Iff hyluidUatictiii which depend.s on 
probe T^j^f presence of 5Ccoiidnry 5truc^ 

lure In probe or template, annealing 
■ (cnipeiaturc, and other reaction condi- 
tions. The ililrd factor Is the efficiency flt 
' wtilch Taq ONA pulyincTdst' cleaves the 
, bound pxobe bclv/ccn the reporter and 
quencher dyers. This cleavage 1$ depen- 
dent on 5cc|ucncc complcnicnlarlty be- 
tween pTobe and template as shown by 
Uie ob^etvaUoii that mismatches in the 

segment between reporter and quencher 
dyes Urasdcdlly rtrUuLX* llxe dcavaKV 
probi:."^ 

The rise in RQ* valtjcs for the /it se- 
ries Of probes seems to Indicate that ilic 
degree of quenching l,^ redtixreu some- 
what as the quencher is placed toward 
the 3' end. the lowest apparent cjueneh- 
ing is observed for probe \l-}9 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the 3* end (A1-Z6). rhis i« 
understandable^ as the eonformatton of 
the 3' end position would be cxpectcxl to 
be less restricted than the conformatiori 
of an internal position. In effei:t, a 
quencha at the 3' end Is freer to adopt 
conformations close to the 5' reporter 
dye than . is an internally placed 



prol>«, the interpretation of RQ. values 
is lew dear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc havhi^ lai^^er RQ ' Uian thv hk* 
lernal TAMUA probe. Por the 1*2 pah, 
lx>th probr.s have about the same RQ " 

value. Foi the rS probes^ llie RQ for the 
3' probe is less thon frtf the Internally 
labeled probe. Another factor that may 

explain sojnc of the oKicrved variah'on i% 
thot purity ttffcctj the RQ" valur. Al- 
lllOM^h alt jirobGi wv HIM.C puiificd, & 

snr^ali omouni^ of contamination with 
unqucnchcd reporter can have d large ef- 
fect on RQ . 

Althou{;t) there may be a modc&l ef- 
ftx:i on degree of quenching, the posi- 
tion of the quel idler apparent tly kjih 
IwvL a large cffccl on the efficiency «>f 
pi'obc cleavage* Tlic moai drastic effect it 
observed with jjirohe Al-2, where place- 
ment of the TAMRA on the second iiu- 
cieoiUlr trdui-es the efficiency of cleav- 
age to almost xcto. For the A3, 1'2, and PS 
probes, ARQ Is much gre^-iter for the 3' 
TAMRA probtts a.s cotnpared with the in- 
ternal TAMRA prnhe.<i. This Is explained 
most easily hy assuiulni; (Iml piobes 
with l AMRA at the 3' end are more likely 
to be deaved iMrtween ,ic|>otlei and 
quencher than are probes with TAMRA 
attachetl intenially. J=or the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher h 
nlnrcHt rlow to thp 3' end. This Ulus- 



trates the importanro nf h<»lne Ahlr to 
usv probes with a qutrjchor on tlio V 
end in the S' nuclcji5c PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is obser\*ed only 
wlien the prL>be is cleaved bet ween I he 
reporter and quencher dyes. By placing 
Uiv tupoj'lur and quuueliui (lye& ui) the 
opposite endii of an oligonucleotide 
probe, any cleavage thai occurs will be 
detected. Wljcu the quencher Is utludied 
to mi Luterxial nudeoddu, uoinetlme^ tlie 
piobe wurlu well (Al-7) iuid oOlcr lUiica 

not so well (A3-6). Tljc relatively poor 
performance of probe A3-6 presumably 
means the probe U being cleaved 3' to 
tho quencher rothor than between tlic 
pppnrtpr and quencher. Therefore, the 
best chance of having; a probe that reli- 
ably dctccis accuiiiulatiuii of PCK pftxl- 
uci in the 6' nuclease I'CK assay is to use 
a probe with the reporter and quencher 
dyeit un opposite tmds,. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hyhfidi/atton efficiency. I he 
presence of 0 quencher attached to an 
Internal nucleotide migid be expected to 
disrupt biise-piiSrin^ and reduce the 
of a probe. In faol, a 2"(U3''(; nt^hu iion 
In hns been obsci"vcd for Iwo piobcs 
Willi ijuemally atudicd TAMUAm.'"^ Hits 
disruptive effect would be minlmitcd by 

placing the quencher at the 3' end. Thus, 
pnjbes with 3' quenchers might exhibit 
nlif^htly higher hybridisation efficiencies 
Uiun piul>es wtlli tfilcritiij quendieix 

The combination of increased cleav. 
age and hybridisation efficiencies mean.'t 
that prolics with 3' quenchers probably 
will be more tolerant of misrnatchcs be- 
tween probe and target os compared 
wtlli jnlcrnally labeled probes. Tlus tol- 
erance of miamalches ean be advanta- 
geous, as when trying to use o .^iinglc 

probe to detect PCR-amplified product'! 
from .smn|j1t?» uf difftienl species. Also, It 
mean's that cleavage of prube during PCR 

is IcifS sensitive to ulier^Uonh in 

neaiing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage IS for allelic discrimination. l.ec 
ct al-^^^ demonstrated that aUele-speclflc 
probes were clcavcd between reporter 
and quencher onty when hybridized to a 
perfectly complementary target. This al- 
lowed them to dlstiTiKutsh tlic normal 
human cystic fibrosis allele from the 
^SOS mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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FIGURE 3 Kffcct of Mg* ' conwnrratiun on RQ railo for the Al scries of piohcs. iVc ftuisittKctnicii 
emusiun intensity at 518 and SBZ nm was ntcasunxl fur solution.*! containing SOnvi probe. )0 mM 
Tri»-lia,(pH 8.3), 50 mM KH, and varying amounts (0 JO niM) of MhOj,. The caloilatcd RQ 
raHos nm liiienslty dlvldeit t>y 5KZ nni intensity) are plotted V5» MrQj concvnrr<»ti<in ("im 
Mr), The key (upper ri^ht) &hOWS th« probes examined. 
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dyes used, spacing between reporter and 
quencher iiyes, tiudeoUdc sequence 
context effects, presence dI structure or 
other faaors that reduce flexlbilicy of 
the oUgonucleotidc, and purity of the. 
probe. The sccnntt factor is tnc efficiency 
of hybridization, which depends on 
probe 7'^, prcscricc of secondary struc- 
ture In probe or template^ annealing 
temperature, and other reaction condi- 
tions. The third laaor is the efficiency at 
wlilch Taq UNA polytnenise cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence campiementarlty be- 
tween prcihti and lemplatt*. ds shown by 
the observation that mismatches in the 
icgment between reporter and quencher 
dyw drastically rexluce the cleavayn of 
probe/*^ 

'the rise in RQ values for the Al so 
lias of probes seems to Indicate that the 
degree of qticnching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al -19 (see Fig, 
3) rather than for the probe where the 
TAMRA is at the 3' end (A1.26). This is 
understandable, as the conformation of 
the S end position would be expected lo 
be less restricted than the conformation 
of an internal position. In effect, a 
qtiencher at the 3' end is freer lo adopt 
conformations close lo the S' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the iiiturpretaUoa of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, wltlt the 3' TAMRA 

probe having a larger RQ."' fhwri the in- 
icrnal TAMRA prolie. For Ihu F2 jjair, 
both pit)bes have about the same RQ 
value. Tor the P5 proU-s, tiK. RQ' for the 
3' probe Is less tJjon fui Uie intend Ally 
labeled probe. Another factor that may 
exxilain some of the observed variation Is 
that purity affeas the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
un quenched reporter can have a large ef* 
feci on RQ , 

Although there may bc a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
haive a largt: effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al'2, where place- 
ment of the TAMRA on the second nu* 
cle-ottde reduces tl^e efficiency of cleav- 
age to almost icro. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in^ 
temal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to bc cleaved between reporter and 
quencher tiian are probes with TAMRA 
attached IniernaJIy. For the Al proles, 
the cleavage efficiency of probe Al-7 
must already be quite b»gh, as ^RQdoes 
not increase when the quencher is 
placed closer to the 3' end This lllu-s- 



teaios the importance of bciitg a})le lr> 
use probes with a quencher on the 3' 
end in the nuclease I'CK assay. In this 
assay, an tncroaxc in tho mtensity of rt 
porter fluorescence 1? observed only 
when the probe is cleaved between the 
reporter and quencher dycj. I*y placing 
«ho reporter «nd qutfncher dyea on tha 
opposito cnd& of M ollgciuuclcotldc 
imibe; any cteuuiixy iliat umuK will Itv. 
detected. When rhe quencher u attached 
to ^11 liilc-iual auclootidv'f ^vnictlmos the 
prohe work* wftil and oihe.r times 

not *<> well (A3-.<I), llic rcltttlvcly i«ior 
porformanco of prolx* A3-6 prccumably 

means the probe is belnu cloavcd 3' lo 
the. qvtcnchcr rather thnn between the 
reporter and quencher. 'Chtir^ttofe, the 
t>e^ chance of having a probc tliat reli- 
ably detects accuniulHtiun of PCK prod- 
uct In the S* nuclcajw; W!R assay Is to use 
a probe with the leporier and quencher 
dyes on opposite ends. 

Placing the qucnchcJ dye on the 3' 
end may aL<u> pmvidc a sUghi benefit in 
tvrm.t oi hybridization efficiency. 'Itie 
presence of a quencher attached to an 
hitemal nutleolide mij* la be expected to 
disrupt base-pairing and reduce the T,^ 
of a probe.. In fact a 2*C-3'C redtictlon 

ill 7„, Uhs been observed for two probes 
with internally attached TAMRAs.<'» This 
disruptive effect would be mlnlmliLcd by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers mltjht exhibit 
slightly higher hybridization efficiencies 
than probes' with internal quenchers. 

The combination of increased cJeav. 
age and hybridization efficiencies means 
that probes wltli 3' quenchers probably 
will be more tolerant of mismatches bc- 
rween protK? and target as compared 
with internally labeled probes. This tol^ 
erancc of mismatches can be advanta- 
geous, as when trying to use a single 
probc to detect PCR-ampIified products 
from samples of different species. Also, It 
raean^ that cleavage of probe during PGR 
is less .«nsitive to alterations In an- 
nealing temperature or other reaction 
conditions. Tlic one application where 
tolerance of mismatches may be a dlsad- 
vantacc is for allelic discrimination, l-ee 
et al.^" demonstrated that allcle-spcclfic 
probes were cleaved between reporter 
and qucndier only wlicn hybridised to a 
pt*TfccUy complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
^SOS mutant. Their probes had TAMRA 
attached to the seventh nuclt?otldc from 
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litM end an<l w<?to <loipfgncd to thai any 
mIsuiAtchcs vfcrc between the reporter 
and cjucnchcr, Incretuln;; the distance 
bcitwaon roporter and qtiftnohar would 
lesseti dUruptJvc cffirtl of mU- 

matchc& and altnw cleavage of th« prot>e 
on the incodcct target Thuic, probes 
^lih A quencher dttdchcd to an internal 
nuclf^otklc may stlU be ucofal for aUoUc 
(1t»"rifnihation. 

In this study lou of quonchlng \ipon 
hybridization was u.tcd to 9 how that 
quenching by a 3' TAMRA U clc]>oridcnt 
on the fiirxiblUiy ota slnf;le*stranded 0)1- 
Konucieocld<t The Increase in reporter 
fluorcscena- intcriyity, though, could 
also l>* uied to determine wliolhcr liy. 
bfldizailoii has oceurrcKl or nor. Thui. 
oligonucleotides with reporter and 
quenchet^ dyc£ attached at oppoflUn cnd» 

should also be useful as hybridl^ation 
probe;:. The ablUiy to delect hybfldiza* 
Tlon in real time means that thc*sc prubes 
could be used to incasurc hybridization 
Kinetics. Also, ttils type of probe could be 
used to develop homogeneous hyhrUl- 
iy-jition oS3oyi lor diagnostics, or other ap- 
plications, tiagwcll Ct al.*^^^ describe just 
this typo of homogeneous assay wliero 

hybridizaUon of A probe causrK an in* 

croaiQ in fluorescence caused by a loaa of 
quenching. However, they utilized a 
complex probe design that requhtts add- 
ing nucleotides to both endA nf the 
probe sequvnci! to form two imperfect 
hairpins. 'l"he results presented h«re 
dcMiuii^irdit; that the simple addUlon of 
a reporter dye tt> one end of an oUgonu* 
ckotldc and a (juencher dye to Uic oUju* 
<»nd generator a fluorog<irklc probe thai 
can detect hybridt:eiktti>n or I'CH atnpllfl- 
CHtion. 
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Real Time Quantitative PGR 
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Wc"hlve developed a novel "real time" quaiuiuilvc PCR method. The method mea^ur^ P>;c»dun 

uliuunon^^^^^^^ nuoro^enlc probe (i c. TaciM.n P-^fJ; ^^^^^^^ 

accurate ;*nd reproducible quantUation of gene copies. Unlike other quaniUallVfe PCR ^^^^^^^ 
Joes nor 90M sample handling, prcvendnfi potential PCR product carryover <=oniamhi3Uon and 

fLitin. [Tn^uch'taster and higher throughput assays. The re^MIm. PCR "^^^^^Jf 
raatre of starting raryet molecule deiermlnntlon (at lea.i five orders oi ^mi^ Real-lime quaniliarlvc 
PCR b- extremely accurate and less labor-inteiisive than current quantitarivs? PCR methods. 



Quantitative mideic acid sequence analysis has 
had an impoflnnt n)l6 in many fields of iiioiogi- 
cal research. McasiiTCineiU of gcut expression 
(RNA) has bttttii used extensively In njouHorijig 
biological responses ici various ^iimuli flan et al. 
199^; Huanft ci al. I995a,b; Prud'homnic el ai. 
1995), Q\janiiiatlvo g<fn<f analysis 0";NA) has 
iH-cn used io cK-.it:i"mirte the g«ntinu» 4uaiitiiy of 3 
particrular gene, as i" the case, of the human hIEJi2 
gene, wliich Ls amplified in -30% of breast tu- 
mors (Slamon ^\ al. 1987). (Jcnc and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human inununodcficiency virus 
(HJV) burden demonstrating changes in the lev- 
els of virtw thioughoul the different phases of ihv 
disease (fJonnor et aK 1993; PlHtak el al. ,iyv;sh; 

j-urtado el al. 1995). 

Many methods havt; been described for the 
quantitative analysis ot nticUdc acid seiiucnces 
(l^oih for RNA and DNA; Soutncni 1 V/S; Sharp ci 
al. 1980; Thomas 1980). Recently, PCR ha.<; 
proven to bt^ a powerful lool for quantitative 
nucleic acid anal^'sls. PCR and reverse transcrip- 
tase: (K'1>PC:r have permitted Ihe analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has modp. ]>os- 
sihic many experiments that could not hove beeji 
performed with traditional methods. Although 
PCR has provided n |>owerful tool, it Is impcratjvti 
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that \\ be u:>eU piopcrly for quniMilutlon (U»«y- 
maeKer^s 1995). Many early rejwls of quanlita- 
tivc PCK and RT-PCB described (juantllatinn of 
the rCR product but did not measure the Initial 
target s<t<iuencc quantity. It is essential to design 
proiK-r contrt)l.s for the quantitation of the initial 
target .sequences (Hcrrc 1992; Ck^mentl el al, 
100?.) 

Ke.NWifchcis have develope^l several methods 
of quantit;itive PCIR ajul RT-PCR, One approach 
measures 1>CR product quantity in the l<ig phase 
of the reaaion before the plateau (Kellogg et aL 
1990; Pang ct al, 1990). This method requires 
that each sampler has equal Input amounts of 
nucleic add and that each somjilc under analysis 
amplifies witli klciM ic^l efficiency up to the. point 
of quautiUlivc analysis. A gene sequence (cfwi- 
talned iJi «H .samples ot relatively constant quan- 
such as p-aotln) cati be used for samplR 
uniphTication efticicncy n(jrmaiiZ3ti<»n. Using 
conventionaJ methods of PC:r detection and 
quaniitdtiur I (gcJ electrophoresis t>r plate capttirc 
hybrfdl7^tltm), it is exiremcly laborious to assure 
that all samples arC. analyzed during the log phase 
of the reaction (for bolh the targcl gene and the 
nonnalization gene), Anoiiier method, quantita^ 
tlve compeHtive (QC)"PC:R, has been developed 
and is tjscd widely for PCR quantitation. CiOPCR 
re.lics on the inclusion of an internal control 
.compctUor in each leacllon (Beckcr-Andrc 1991; 
Matak cL al l993«,l>). The ciadency of each re- 
action is nortiialhxd to the Intcrnol compeUlor. 
A trnnwn ;i)Tui»nt c/ IntfJiiaJ Competitor Can be 
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oddod irt oach R;un|Jl<.». To olilain re!;<liv/t' n"'^"*- 
tatlon, Ihc ufiknown largct T'CU pKKluci is ctun- 
j)arcd Willi ihc known competitor iKlM prtjduct. 
Success of a quantilaHvc coinpctUivo I'CU assay 
re-Htssoii acvclopmg an internal wjiin.>l llitil am- 
ItUfn-^ Willi UlC same efficiency iliv luiH^i niol 
cculc. TJlC design of the conipctllwi and Ihv vo)l- 
datlon of ampMflCdtlou cfficiciicjc* jcqulrc a 
dedicated cffuri. H<.iwevci', l>ccnusc QCM»<;h d<H's 
notrccjtUre {hn{ KlU juikIucIs be anidy>:cd during 
the loj; phH^e of (lie ijn»)jlincaiion, it is tht: cvaslor 
(hr l*vo methods to u:ie. 
Seven I detttcilau !ty!iicjct> uiv uM:d for quan 
tltaiivv I'CK and R*I-IK:U ajittlysis; U) aj^iiroiio 
tjeis, (2) Xluonrs^w* lalJcIluK <^»'' pioducis nnd 
ctclccilcm with lo.nTr-iiulticrd fluiircsecncc uaU)^ 
capillary electrophtjre.'Ua (Hmsco ct al. 1995; WU- 
ilfims cT al. 1 996) or acrylaitiUle gvKs, «iid (3) jilaic 
CniptUTtt and sandwich probe hybrid f/^i* it >n (Mul- 
der el al. 1994). AlThouj;li these uietluKl'* jjmvwJ 
successful, each methcid rt»qulres post-l*CR tna- 
nlpularlons Thar add tlint; H) the ciitalyMs iuiO 
(n«y lead lu luliumtuiy i uhlrtu'ilnaiion. The 
sample Uiiuughpul L)ie>r jnrlhijd.% i.s limited 
(wilJt |hv rxc.cpilon of the plftlc capture ap- 
proiK-h). «"<lf lhcri;ffjri:, tlicAc mcrihodji. ore not 
well >uitc:d Cwj u.nc» deiiiandjn;i^ ^^ifi^^ sojnplc 
Throughput (Le., »cTC*enht^ of hir(;e nuiiibers of 

ljliituiil«n.ul«r> ill aiialyKliI^ «'Vhiiiplv:k fi;x didgxiu^' 
lie* or clitiicol (riaUs), 

I ktrc wc r^TjK^rt th<: dc:ve.lopnu*nt of a novel 
(i.way for quantitative DNA atialyslft. Tlie assay is 
hi^.'icd on w5r 'wf ih« ,S' nuC'U»a?i«' a?;5ay first 
described by Holland et al. (1993), M'Jie JueUiod 
xisv^ ih<: 5' nuctca.ic AciivUy of VVw/ (>t;lyincra.HC to 
dcavc a noncxtcndlbic hyhridliunion probe dur- 
hijfc; the cxtcnMOtt phtts^ of I'CU- H^u: approadi 
uac:> duiil-liibclcd fluorogenic hybridi^'.utlon 
probes (Lcc ct nl. li>i>3; Holler ct a). l.lvoU 
cl a!, 1^95o,b). One Huorescvnt Oye .tvrvc-s as a 
reporter |FAM (i.c, CF-carbo'<yfluorv:iK*eii-i)( nnd its 
emission sped fa is quenched by the second fJu<>- 
rftsccni dyfi, TAMRA (!.«., (j-caHxixy-ietramethyl- 
rbodamlnc). The nyclcasc degradation of the hy- 
hrldi/iitUni pn)he rtrlt'ascs the quenching; of I he 
I'AM fluorcscenl cuiissli.ui^ fesallinj; in an In- 
cTcase tn peak fluorescent etnlssion at 53(5 nin« 
The uit; of a seijucncc detector (AUi l^ism) allows 
mcasuTcnieni of fliKirescunt spectra of all 96 wells 
uf the thermal cycler continuously during the 
KiK ampUflcatlon. Therefore, ilie reucliuiid ujc 
iiioTiltored 111 real Uiue. T3ic outpui data 15 de- 
scribed and quajnitatlve unalyab tif inpui (urj-cl 
DNA xcquences 15 diaansed hciow. 
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PGR Prcxliict Dercalon in R«al Time 

ROfll vv;is to develop a high-thrcnigbpul, soil- 
xiiiw, 8nd neeuralc }{cnc qiK^nl ballon assay for 
use In mcwdtorlng lipid mcidiatcd tliarapCUTic 
gene dcHvo.ry. A plasinld wncoding human factor 
VUl gene wjuftnce, pI-'STM (sec Mctliods). w«s 
used ai a ukhW! i>u;rai>cutic RVfWi. The assay uso^ 
fluorc^sccni Taqman mothodolotiy Hn<l an instru- 
ment uijwble of measuring nuorosceiice in real 
time (AUl rristii 7700 Sequence netcelnr). nie 
U'ttqm;in nracilon requires a bybrldtotion jjtoIw* 
lttl>clcd wilij two different fluoroticcnl dyes. One 
aye is a reportwr dy« (l-AM), ibe otKcr :< quench- 
ing dye (TAMRA). When tbe pruU: Is inlacl, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorcHcent emission U ubsorbcd by the 
quenchlns dye (TAMIb\), During Die extension 
phase of the I'CK cycle, the niiorcscenl hybrid- 
bjillt^ii prol>c K cleaved by the S'-.T iiudeolyiic 
activity of thr. T>NA polymerase. On cleavage of 
the probe, the reporter dye emission Is no looker 
traaifcrrcd efficiently to the tjxicnchlnf; dye, re 
sultiiiK b» an increase of the roportor dy« fluorct- 
cent ^nntxslon ft}>^?Clra. I'CU primers and probuH 
were de^^i^ned fui lliu huintan fiiclor VI 1 J se- 
quence and human p-ae.tln gene (a,t di-..^enbfcd in 
Methods). OpUuiizftllon reactions were per- 
formed lo choose the approprlutc probe and 
magnesluni concenvalions yleldi/ii; ihe ItiKlu^st 
hitttnaily of rt(>ortcr nuorcsccnl sij;n«l without 
siierlfich»s speeineity. The Instrumeni uses a 
chftiKc-couplcd device (i.e., CCD Ciimeni) for 
mcasurinjj the fluoreiiccnt cmlsslou apeelni from 
rUH) tci C$0 nn». Ivach VCM tube was monitored 
.seijiKMUirtlly for 25 nvscc with c^MllInuoos moni- 
tor) nj; throughout tilt: onipHfieAlipii. Uftch lubc 
was rr.-cxandncd every 8.5 j»ee. Computer sofl- 
wnrv. was dasipned hi exainijir the fluorescent hv 
tensity of both the rei?(»rrer dye (I-AW) and 
the quenching dye {*rAMllA)« The llu<>rc«:cct\t 
intensity of the quencliinfi dye, 'PAJs^UAi cliMng^-:} 
very Utile over the course of tin- PCR amplifi- 
cation (data not shown). Tl^erefore, the IntcnsUy 
of TAMUA dye emission serves hs jjh Inter iial 
.ilandtu-d with which to norinulbxi the rtportcr 
dye. (HAM) cmlfi&lon vnrinUoi^s. Tl^e soflwnre etil- 
culttle» ti v<iluv termed AKn (or A^Q) uslnj; the 
following equation: ARn - (Iln') (I^n'). wl^cre 
Un^ . emlrralun uiicjisby of rcporter/emissi^jn in- 
tensity of quencher al any given time In o retie 
don tubt?, and Rn - emission intcnsilily of re- 
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prior 10 K;K iiJnpIiHcation in th:iT same K'iiaioii 
tube. I'or tlic purpose of quaiitiiatlon, Ihv Wsi 
three data jwinis (AKiis) coiiccteO iitjrlng rtu: 
teusiOii step for each 1\:K cycK- were analy/ed, 
TIic nudoolylic dcgradoTion of »hc hyumli/^tion. 
probe ocair,s (Hiring ihc cxicnsjun phas^of rcji, 
and. thtrrcforc, reporlcr fluorescent ciiii:i:)jun in- 
creases during llib time, 'nut iluw daiii |>olTit.M 
were averaged for cacJi k:K cycle and the iiicmi 
value for each was plom;d in an "aiuplHlcatioii 
plot" shown in Vl^^rc 1 A. TIic AKn nnean value ts 
plovicd on {\^e }A<axls, and time, represented l;y 
cycle number, is ploHe.d on IIjv ^-axi.s. During ttie 
ttariy cycUv; of llac VCAl ampHfic^tlon, tlif ARn 



value remains at bast; lino When Mjfncieni hy- 
bridiz-allon probe h*'i.<i been cleaved by Uju Tan 
ixilymcrasc ini*rl6Afie activity, inlcuiily of ro- 
|X/rtcr fluorcAccfti cmlsaion luprenticb. MoAt VCW 
un)prinv'lilion& TcncJ^ u i^laltfao phoKc nf roporter 
fJuoTCH-chl en-iifiSlon if ttie rcHclitwi Is carried nni 
lo high cycle nuiiilH:i%. The a/nj^HfiraUon plot h 
ly in lilt* reaction, ut a j^nt (hai 
icjjicsonts ilu' log phfliJe of ijrtu.kici arnnnula* 
lion. This is done by uitififting an arbitjary 
ihreshold thji la bnscd on the varuibiiUy of the 
te«-lincdMU- In Vigiire. lA, tiie Ihrwhold was-sci 
at 10 standard duvialiooK aUivc ihc mean of 
Vixifto lin<i endsituiM iialculated frinn tydc^ 1 lo 1 fv 
Once the threshold is chosen, tlic point at which 
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Flqure 1 PCR product detection in real time {A) The Model 7700 Mjflware will const met ^;;P**^'f^^*^'\P'^^^ 
from the extension phase fluorescent emission data colleaed dviring the PGR ampllflcaUon. Tlie ^tandarxl de- 
viation is determined Irom the data points collected from the. base line of the ampHficaUon ploL ^-i values are 
calculated by determining the point ai which the fluorescence exceeds a threshold llmil ^"^•/f ^ J,,^^^^^:^^^^^ 
SaXeJialion of the base line), (B) Overlay of amplification plots of serially (1:2) f j^^^^" 9^^"^^ 
DNA saniolcs an^plrrted with p^actin primers. (Q Input DNA concentfcition of jaj^Pj^ f^^f ^llll 
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the amplificftlion pUjt crobsca ihc ihrc:ihold*iv<ltf 
fined as Cp C|- is rcix>rtc;(i an the cycle number n\ 
tlil.K poiiu. Afi Will be c1omonstrut(K]> thu CI, .value 
\^ jMoAlcljvt of ihc quantity of input tiir^i'.l. 

Cj Values Provide a Quantitative Meajturcmcnf* of 
input Target Sequences 

Plgurc in filio'vv.s amplificalinn plcMs of 3 '*<<)]Yf 

eiil PGR ftinpIJflcations wcrlaid. 'l*hc flmpliftoj- 
rtcnf! wore pcrfom^cd on a 1 :2 serial Ollutlon 
human genomic iWA. 'Ihc amplified tarfi'ci wa*. 
human p actin. Tftc aniplifiotion plotii xhifl to 
the right (to higher threshold cycles) m the injnil 
tAjgci qtiantlty h Toduc<yA, ']hk is oxpoctod ho- 
(uiUKu nmctlottK with fo.wor fctnrtin^ eopids of tho 
largci molecule require grcrnor ainpUficatlon to 
degrade enough probe to »tr<iln the Threshold 
fluorescence. An arbitiary threshold of 10 stnn- 
dard dcvlalions above the base line was used to 

detenniue tlie value:;. Figure IC; rqjrcv^cnts ihc 
Clj values plotted versus I he siiinple dilutioi] 
value, E«ch dilution was amplified in IrlpJIcalc 
PC:r hmpMficirion.s and plot tint as mean values 
with error bars represcniin;: one si an dard dcjvia- 
tioii. Tlie Cr vtilues decrca^se linearly with Increas- 
ing target quantity, Thus, c;,- vaUuL^ can be used 
as « qunntit«Tive measurement of the input largei 
nVimbe.r. It should be noted that tlu* ampllfica- 
lion plol for the IS.G-ng 5^11 nple shovt^n 1ji IHgurc 
IB docs not reflect the s.ime fluorescent rate of 
Increase exhiblled by luosr of the other samples. 
'Hie 15.6'ng sample also ac >iievc*s rndpoliii pla- 
teau at a lower fluorescent value than would he 
cxfK-cted ba.scd on the Input I>NA. i'his pbeiUHn- 
cnon has been uljscTvcd occasionally wiili ot)ier 
sa(nple«<; (dawn not shown) and may be altribut- 
able to Itttft cycle inhibition; this hyjxuiicsis h 
still under iitvcstigation. It is impnrUni to note 
lhat the flattened slope and early plateau do not 
impact signincian tly the calculated value us 
dcmomirateil by the fll on Die liiu* .vliown in 
Fij;;urK IC Ail triplicate ampllficatlt>ns nrsultetl in 
very similar Or vniucs— tiic .standard deviation 
did not exceed 0.5 for any dliullon. Thl.s experi- 
ment contain.v a > 1 00,000-j'old rpnge of Input tar- 
get molecules. Ihln^ Cy value?! for C|uonillation 
permits a much larger assay range than directly 
using total fJuorcsccni emission intensity for 
quinlitation. The linear range. ol iluorcsccnl Sn- 
lensity measurement of ihc Alii rrUni 770t) Sc- 
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mt»tVts over n very l;»rf»e rfUtive ^i^^rJinj^ 

larg(*t quantiticK. 

Sample Preparation Validation 

Several pai-aiTicters influence the efncu*nry nf 
PC:r umplifkation; mngna^ium and salt conceit: 
liytioHS, reaction conditions (i.e., titnc and tem- 
perature), I'CU target si7.c and composition, 

primer sequences, and sample purity. All of rlic 
.ab;>vc (aclors are connnon to a sinj^lc VCR assay, 
excel )t sample lo sample purity, in an effort to 
validate (be method of sample preparation for 
the lacior VJll assay, PCK ampliticotion reprtuiur.- 
ihility and olflciency ol 10 replicate sample 
jirfiwratious wer« examined. After genomic DNA 
was j)repared from the TO replicate samples, I lie 
l>NA wa.-^quaiitnaicd by uit/avlolcl spectroscopy. 
Amplincnllons were performed analyzing p-acUn 
>;e.ni: content in 100 and Z5 of total genomic 
UNA. Each VCR ampllficallon was pcrfomicd in 
triplicate. Cltnnp'drison of C^i- values for each tri]j- 
licate s;imple show minimal variation liased on 
standard deviation and coefflciont of variance 
(Table 1). Iliercforc, each ol the triplicate PCM 
amplifications was highly reproducible, dcruon- 
Slraiixjg tliat real time FCK using this in$ffumcn- 
inlion introtluct5 minimal variati(m Into the 
quontltativt: J'CK analysis. C^umiparison of th(^ 
niean C'^ value.'* of t)ie JO replicate sample prepa- 
rations alsci showed minimal variability, indicat- 
ing iliat atch sample preparation yielded similar 
results for |^-aclln gene quantity. The highest Cy 
<lifference between any of rhe samples was 0.55 
and 0.73 for the KK) and 25 ng samples, respec- 
tively. AdditionaJly. the ainpllflcatioit of cacli 
sample t;xhif)ited an cquWalenl rale of fluorc.V' 
ccjit emission inlcnsUy change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Fig, 2). 
Any ^'nimple containing an excess of a 1*CU inhibi- 
tor would exhibit a greater measured |3-aciin C^r 
value for a given quamiiy of UNA. In addlilon, 
the Inhibiior would be diiuic-d along with (be 
.sam]7le in the dilution analysi.s (l-ix. 2), altering 
the expected C^,* value chaj^ge. Each sampla nm- 
pilficotion yielded a siml Jar result in tlie analysis, 
dcmonsl rating liiat this inediod of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Ouaiuitarfve Anaivsis of a Plasmid After 

ynca no; Aha WJ achx 7nn7/cn/7T 
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Tsblo 1. Iloprodu«lhint/ of S«mplo Praparatton Method 



» a t * * ad 



100 ng 



4 t 



Samplo 

no. Cj 



standard 
m^an deviation 



CV 



18.24 
18.23 

18.33 

18.35 

1ft.^4 

18,3 

18,3 

1S«42 

18,15 

18.23 

1S.32 

18.4 

18.38 

18.46 

18.54 
18.67 
19 

18.2B 

18.36 

1S«S2 

18.45 

18.7 

18.73 

18.18 

18.34 
16.26 

18.42 
18.57 

18.66 

0 10) 



1».27 0.0^ 



0,06 



18.34 0.07 



18.23 O.OS 



1UM2 0.0^ 



18. 7*1 



18.^2 



0,24 



16,39 0.12 



18.63 0.16 



18.29 0.1 



0,12 
0.17 



0.32 

03? 

0.36 
0,46 

0.23 
1.26 
0.66 
0.83 

0.65 
0,90 



25 ng 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.96 
20.84 
20.75 
20,46 
20.54 
20.48 
20.79 
20,78 
20.62 



1 » * 



mean 



20.4 3 



20..S1 

20.73 
20.66 



Standard 
deviation 



20.51 0.03 



?0..^4 0.1 1 



20.54 0.06 



0.05 



20.73 0.13 



21.06 0.03 



20.68 0.04 



20.86 0.12 



0,07 

0.1 

0.19 



■«4 * *■ 



CV 



0.17 
0.54 
0.26 
0.26 
0.61 

0.15 
0.2 
0.57 
0.32 

* 

0.^6 
0.94 



iOT cx)ii twining a parlU! cUNA for human factor 
vni, pi-8TM, A scries of tninsfcciJons wua sot 
wp using a decreasing amount of ihc plasirud\40, 
4, 0,3, and 0.1 1*wrniy-roor hours jio.M- 

lr(iM,ir<;t lion, lolal DNA wfl> purified fr<jin each 
flask urv.rU^. p-Ai.liii i^ructjuaiJllty w«i chuicn as 
if value Car jiormfiH/'.at Miii of ;;v.tit>uni'. DNA con- 
ccntraUcm fixiuirrBCli saxupk-. lii Ihis cxpnifficitt, 
[j-acrin Rcnc corneal should rurnain consiani 
relative to rotal >;cjioinlc UNA. Hl^urc' li stiow:* Ujc 
result of Che p*actln UNA iiieasurvmenr (100 jig 
total DNA determined by ultraviolet spetrtros- 
COpy) of each vuiijjitc. Kach .^niple waa analyzed 
111 iriplicate and the mean |i-acun C:^ values of 
the triplicates were plotted (error bars represem 



l>etvs/<wn any Ivwfk sanipto moani! Was 0.95 C,, Ten 
nanograms af lot;^! UNA uf eacli saiiiplc were also 
cxaiiilricU fi>f 0-aciln. llic results ui^uio .sliuwcd 
thai very similar aniounui of genomic 1>NA were 
preaent; the. iTiaxInium mean actin C:, viiluc 
difference wa.s 1.0. As Mgure 3 shows, the rule of 
p-dctlii CJ|. cliunK^- lx:Lwc-cn the 100 and 10-ng 
sajpijlc-i was sin^llar (<jJo>>c v,->1uc.«; r;(n{j« hwtwoan 
3,56 aiiU - 3.45). Th\n verifies agoui ihi\i the: 
methoti of .sample prqjarollon yields !;aTn]3los of 
identical PCR intcgrit-y (i.c-. samplt? wni.iined 
an excessive amauul of a PCR inbibilor). How- 
ever, UK-se results indicate thut each sample; con 
talned slight Uiffciences in the actual amount of 
genomic ONA analyzed. Ueterminatfpn of act\ial 
«enuniic nNA ^onccjit ration was nccouipUshed 
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Figure 2 S<itiip)e prepardUon purily. Ihe replicate 
samples ihown In Tablo 1 woro aUo an^pliOed In 
tripicale iistng 2S ng of each DMA sample. The fig- 
ui*r si'iowi die input DNA concentration (TOO artd 
25 ng) vs. C, In ihi' 1irjiir<». 1h<» 100 nnd P5 ng 
polfUs for oach &arnple are connectod by a line. 



by ploUing the mean (i-actio value oblalncd 
for «ach 100-11^ Ktiinplv vm a p.-;iClln sinnttartl 
i.-ufve (shown In J'Sg' Tl^^* ^cUial genomic 

ON A concent ryll<"> C«ch sumpK:, wns ob 
tdlnciJ liy cxirapol/iUon io thu- X-uaU. 

ri;;virt: 4 A shows liic nicasurvJ (iar., iu>n- 
normaUTi^d) qvuicilllics uf Tdclor VI)) pla.smici 
ON A (pI'SnTvt) Crom each of the four iransicnl cell 
triiM,sr«ctionA. Etxch rcaciion conlaincti J 00 t^ff 
lotcil 3<imj>lc 15NA (iis dctcrmhicil by UV spcctroK* 
fopy). r^ch sample wu.s uiial/zci.! in triplicate 
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Figure 5 Afialysh uf Itdosfectcd cdi ONA quo nil ty 
and purtty. I he DNA preparations of Uic four 293 
cell transfec-lions {40, 4, 0.5, and OJ ^g of pFSTM) 
were analyzed for the 0-actln g<jne. 100 and 1 0 ng 
(delcrmined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfectcd, the ti-acitn 
Cj values are plotted versus the lolal input DNA 



•|>C:r< ;rinpllfi cations. Ak .shown, pl'8T\< puririvd 
jfttjic Jhc 29.** cells Uocrciisa*; (mean C, values in- 
CT«;t^i'?; with decreasing amounts of pUstnld 
itrumlixtcd. Th« mcjiii C*:^ vahics obtnincd for 
pHHTW in Tigurc 4A wen; pJottirO on y stundyrO 
curve c«»mprl.'*etl uf scOJihy diluted pKHTM, 
' shoivn .in figure 4B. Tliu quaiilily uJ plKTM, 
found in each of liic four iranfifoctionR w:i.s do 
tcrmined by cxtrnpnJaUon to thc« jr uxlt: uf the 
siandard curve In Pi^uro 4U. 'Hxtsc uncorrccied 
values, /j, for pwrM w«re i»oru)MliyAi<i <lc:lcr- 
rninc liic? actu;*! amount of pJWTvl fctviid p«r 100 
r»K "f K'tnoinic DNA by u.^lng iho equal ion:- 

h X 10 <> ng ucUJal prS'lT*^ ctif;le.i oer 
^ ^ 1(X) ng <jf genomic DNA 

wliore a actual gciiojnic DNA in a .sample and 
Ij pPH'l'M copies from the standard curve. 'Hjc 
notma]ir-cd ^^uantjiy of pl'OTM pcf 100 ng of ge- 
nomic DNA for ciich of the four tran.VfccUon.s l.-i 
xnown In Mgure 4JJ. 'Hi est: ^r„^uU^ .show Uifti Uic 
Cjuantuy of factor Vlll plasiulO iissovJul(.'0 wiih 
t)ie 2^^.^ cclKs^ 21 lir after irujisfvclWui, Uiu.iii.jScn 
witli dccrcusiiij; i^Jh^hiiU unicwntiaUoii u.^cxl in 
the iraiiiifcrtioti. 'Hk: quttnlity of pJ'tt'J'M nsaocJ- 
atcu witn Z95 cells, after irun.sfecuoji wuh 40 ixg 
of pta^Jjnid, was 35 p<?r 100 ng j;vnutrMc DNA. 
Tills results In -520 plasiiUd copies per cell, 



DISCUSSION 

Wo have described a new mctluKl for qunniitut- 
in^ gene copy numlpcrs usinft i-iSAlMlmc iinuiysts 
of PCR amplincaticim. ReaUilmc I^CK ix compat- 
ible with dthcr of the two FC:k (KT-PCR) ap- 

pruaelies: (1) quanlUativc conifjciltivt: where an 
InteiJiiil cvuipclUof for each target .sot^ucnee is 
U.SCU for noirnalixQUon (data not shown) or (2) 
quantitative comparative PCH usliJij n mjuiirtU^ci- 
tlon gene contained within the sample O^e., p-flc- 
till) ox a "housekeeping" gene, for UT-PCK, U 
equai aoxount.% of nuclclc ucld are aiialy/.cd for 
eucn saxuplc and if the ampllfli:aUun ef/iur.ru;y 
before quantitative analysi:> i> identical for ertch 
sample, the. iTircrnal cujiIkiI (n^jmiilij-Hitiou jjenc 
or comptitiror) sl^ould Rivc equid M);nals for alJ 
Siunplcs. 

The real-time PCU method <jffcfs scvenil ad- 
vantaRc.'? over tlic oiher two inctho<Ls currently 
employed (see Ibc Introduclion), I'irsi, the real- 
time PCR method is pe.rfonncd in a do.«tcd-tubc 
system and requires no pist-PCIR m;u\ii>ulallon 
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Figure 4 nuantHfllivo flnoJyKiic of pFSTM in IransfccLcd cclb. (A) Arnouni of 
plasmid DfstA used for (he irunsfecilon pfottcd agiiinsi the iimjuti C, value deter- 
mined for prSTM rcmalniMtj hr alter (rtinxfcctlon. (C^Q Standard curvrs of 
pPRTfJ and fi-i»<:UM, respcclivcly. pfOTM ONA (fl> and genomic t>NA (Q were 
dilutftd «ftrlal|y 1 ;S before ampl|flcc»l[on with the appropriate primeri. The f4-acUti 
standard curvo was usod lo norniiih>c Ihc results of /\ to 1 00 nt^ of genomic DNA. 
<0) The amount of pFSTM present per 100 ng of genomic DNA, 



nf 5;yiinp)v. Tberefopc, Ihf p^ttcntiMJ for TCK con- 
tnmlnatjo]! in the lal>«irriiory is reduced bccauNO 
ampllflod proctuctK cam !«• ;*t}n\y7.0i} sjid dispcwcd 
of without opening tiu« ro;«aion tubt.':;, Sectind, 
lhi5 mothod siippoiU ll4« umi uf a tiuriii;i1ix.(itiui] 
Kono (i-c, P-flclin) for quantitative PGR or house- 
)tccpiiis scnes for cj^JiirXitativc RT-l'CU controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis durinj; 
kiK phase permits mAi>y different ^ciics (over a 
wide input target range) lo be analy;'.cd .ilmulut- 
iu:ou,sIy, without concern of reaching reaction 
plutenu ai different cycle:*, Tlus will mukc inulll- 
^en« analysis wjaya much ca^ivi tvj develop, be- 
cause individual intern cil uiiiip«iUui> will iii»t l>e 
liecdcd for coeh gene under anoIy»»». Third, 
ft<unple throughput will innwc UrtniUJlicdUy 
with the new method because, there i» no i><>At- 
WM jimcc.-islng time. Additiorully. winking In & 
^J6-wcll fonnat h liighly cuuipatibltj with auto- 
Illation lechnoh)^. 

J'he rccil-tiiiie VC^^ n)ClbOd is higlily reprn- 
dudble. UcpUcaitt ampilflcations can be annly^ed 



fur f:».ich snmple JiUnlml^fhig j>otcntl«i err<jr. '('ho« 
.sysittiTi ;illuw.s* fc>T a very Jorge usstiy dynamic 
run^je (approaching l,000,0<)0-fojd Marting tai- 
gel)« WmIiik li Ntaiulord curve for the. tarj<ct oi in- 
terest, reJiiTlvc copy number values can be clclcr- 
mlncci for any unkjuuvvji .^uMrpU^ Huoresctini 
threshold vnluca, C,j coneJait-. Uncarly with rela- 
tive DNA copy number.?. Real time quanillAtJvc 
KT-I'C:H methodology (d'Jbwn et al., this Kwuft) 
ha.l also bc;e;n de.vtti oped, finally, real Ihiiti quan- 
titative I'CU methodology c»iii be uicd ii»OcvcJup 
high-throughput jcrecnUig AA.iay.n f«r a variety of 
applications fquanlJlatlvc gene CA^Vieaaiuii (RT- 
rCU), ^^cnc copy nnsnys (flcr^, IllV, ClC.)# gcni> 

typing (VinoeKotit inouzie. analysis), and hum u no- 

rcuj. 

Ueusl-time rC!U may al.w Ik: jxirformcid using 
J n tercel hiii Fig dyes (Higuchi ci a I. such us 

ciJxlditim bromide. The fluorogenie prohe. 
mcihod offers a major advantage over inter- 

* 

rata ling dyes- •greater specificity (Le., primer 
dimvrs and non^p^iHnc PCR products are. not de.- 
tf»AMed). 
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MtTHODS 

Generation of <i Piasmld Couulnlng a Partial 

cDNA for Human Factor YIll 

Tuliil RNA vTrti httfvrsicU (UNAKnl » (fi>n» '\'o\ Tctt, Inc., 
YrKi\<lsv\*oo6f T>i) from *,x»\\> l»Miwfe<n.tl wtth a fodor VI U 
rKjireaifiuti vtjt:»or, pC:iS2,*k'5li^O (Kxituti ul til. IVBO; 0(»r. 
man ct al. 1900), A Uclur VIM (>antal chNA wiimmhv WnS 
/Pt tu.rMcd by in* KIoiioAnip tTlh ItNA VHl Xll 
(pan NB()K-()T/y, rt AiuJlunJ hiosyjicms l-ostvi CMy, 

urc Aliown bolow), nil' ainpHcon was rcaniiilifH'tl OAlnfi 
nnHttfivU I't^fof and m^v primers cspjX'nilfU with huwlU 
and Hmcnu restriction 5lrc sequences «t iltv ,s' wu\ 

clonal iMln jKiI'.M- 3Z (IVoififjju CU>fp„ MuOlhOU, WI). The 
fcsuUln/cclnnr, pWM. was uwtl l«r Iransidit transfecilon 

of 293 cdljv. 

Amplification of Target DNA anil Dclcctlon of 
Amplicon Factor VIII Plasmid DNA 

crrci<;(w\AUAu:jtjA<;iiicn \V3' and i-tiu-v .<;'-AAA(:crr- 

1 UOOXrj'OG A'lXiti'fACCJ 11 1« rvnclUui pruOutcJ ti 'I^.X- 
iip ia";K product. The forwurd pnintT wu.i dfilxnvO lu cv.i.* 
<>t*iilxc u uulqutf M'tpii'iiir fimiid lii the 5* untranslttt^t 
rc};lun of Ihc! paitrm pC132.tkZ5)> pldMfiKl dtitl therefore 
ctuvs not ivuiH'*^'^* aoipllfy iIk* liuuioii f^icitir VHI 
^vuv, I'rimafA wuro choKOU \villi tliu ;iv»tvl;tiif'f of iKM'oni. 
pulcr program Oliso (Nuliimul Uitwcicnccs, Inc„ I'ly* 
m<iut>\, MN), The human p-actln ^.fuc wjis aiupllilcd with 
llic vrlJii<:J-> fi-r«-t:ii ftn-wafU pfhncr ,1' TCACCV.lACM.<rre:'r 
GCCCATCrA(^:c;A-3* and fj-adiu reverse piimcr :A(;. 

CGGAACCC:fri(:Ai-r(;c:c:AA*jCG-3'. The reaction pro- 
aucoo a 2Vs** np i»c:it prjKluei, 

Am pi] flea lion reactions (SU fxl) cohiHini'd a DNA 
sample, lOX I»<:h Uuffr.r II jjul), 200 jtM tlATl*, dCriT, 
<\Gn\ and 'ItW jvm riU'n», 4 mX4 MgCI^. 1,7.S Units Ampll 
Tut} r;iSA poiymci«c, u.5 unit Ampwnac urncU N-fiiy- 

i.tMyIuM,- <UHO)^ &0 prnolvorcnch fncloi VDl |trliiK-t, und 1£ 
^xiHilt* <»f itttiil* p Actln pdiiK^r. "Hio icaftlwiu uIjuj i»mlalncd 
00? of the foMowlnj; (Irfcrttnit prolu^M (KMJ nu rjirli): 

i'8pr*.»hr A '(KAtu)Ac:frrf rj'c:f:Af:crr^; erne. TfTcrrcn'- 

GCCTT(TAMRA)p 3' «ud P-«t-tin proU- 5' (TAM)ATaf.:<:c:- 
XClAMKA)CCtXr:AT(:;(:CATCp-.T where p indicaics 
phnxphniyiAiirkn nnd X Indicotcs a linker arm nuclccttiiic. 
RcacUon UiK** wrrt* Mit:niArt\p 0]>la*iil Tiil>cs {pert tiUff)' 
her NkOl OO.l.l, l»crkln Ulxiiux) iJiai wofv frotU»d (mI IK'Tl:hi 
r.lnicr) to |>Tvv<-iil light from /cflccllnj;. Tube capi were 
sh)!!).**)^ MitfoAtiip tinpa but specially dcsiflncd lo pre- 
Ycul U^lil sciidvr') 115. All cit lti<* IK'M t,UfiiNutmthU-« wcfU (\i>»- 
|J;%:d 1>y PK Applied iUofiy«t<>ni9 {|i<»»hT CMy, CX) except 
ihr factor VI II primers, whieU wm* .tyntht*sl/«*d at Cencn 
iccti, Inc. (South f'tfn Pftinclsco, CA). Probcv wor** dc*sl(*m*d 
mhig the Oljyo 4.0 5oflworc^ f<»lk»wln(i; giddd(ii<!i; wij*- 

ijcsifHi In mc Model 7700 .Sequence l>ctirti>r hwiiuiiu'iil 

manual, lirtcny, probt; T^ iljnuht lie a1 icMt Ijlfihrr 
man tUv amwuIUiK tetiip\*Mliirc u.icd durlrii; thrrnitil cy- 
rhiig; primers shovUl not fonn i*Ul>\v duplexed with Ihr 
probe. 

'Hic ihcnnol «'yclhig coiidillotvs IneluiWtl 1 nilii at 
50*^0 and 10 niin ul 95*C. 'Hicrtnal <.7Cling procercled with 



RIAL lIMLQUANIIlAIIVh IHIK 

ri-aciiom; wore peifonne^l in tho Modol 7 7(U), Sequence IX- 
\v*Mft (l»E ApplteU IMusyvtvutv), wihlfh cuntaUu* ;* C.c»>'- 
Anil* l*<';U .SyMvm Utacllon wiidition^ w«*rf pin. 

f^ruiinucU o»» .1 Kmw M«ciiitti«h VlOtJ (Apple O-iom"'*!''', 
Rama aaru, tJ\) linked diwly to the Mode! V7f)0 
c)uciK\' IXdffClor. Aiialy«l« *»f dau w*« alw.i \u*r<t%nrn*<i no 
lUv MHi tntrrth cump\iU*r. (".nlloetlon and analytic cnftwyco 
w«» (Jcvcloiwl x\ lOv A|>t}]kM.l Blo<yMums. 

Tranifection of Cells with Factor VIII Ginsirucl 

JVmr 1*17.^ flasks of 293 cells {A'VCX: CWh IS?'.!), ?» huntan 
folQl kidney su^pen^iion cell line, wvre uniwn 10 80% con* 
Ihienvy Aft.l iMWfcm'U pl'fn*M. Cclli Wori' RrowtJ In tln.» 
kJllnwlttg mcdlfl! St)% HAM'S HI 2 Without GMT. Uma* 
^Iuco5tf JluJlH'tx'o'a ifUKllfirri Kaxlo medium (OMIIM) wiUi* 
out glyrtnt; wiUi sodium bicarhnnale, 10% letal txwine 
scrum» 2 ium t-KluUminc, And 1% pcnkiliiu-strcptomy' 

lin. The medio vt« clun^'cd 30 min Mim. the iransfcc 
lion. pPUTM DNA omouniei of 40, 4, OS, .ind 0.1 pif; wvro 
iJdiiwl it) ^^ ml of a solution conialnlnR 0.l2.-i m CUiO^i' 
and \ X Wi'A'VS, The four niixhjrt*s wi:re left al R)oin ti'm- 
t.KMTH«n- Utt in min and thcix iKUktl dnipwt.ic U\ d*y cells. 
TJic ria^Ji* *vvi» ;ifii-ul>alcd al 37''C and f,% ClX for 24 hr, 
washed with rhs, and nx^iiApcndcd tn lUiS. Hh' K'hiih 
jwniK^I ccUa vycrc divUlcd inlv (ilup«»la und UNA wa4 cx- 
tnicted liiintcUiutcly UiiiiK lhvQIAurii|i KUhkI Kit (Qupon. 
ajaunm»rtlj, <.VS), 1>NA wu.s dulcd Into 200 p^l ol 30 mw 
TrU-lirJul pJItt.O, 
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Contribuied by David Botstein and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been liniced to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-l and that are up-regulated in the 

mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third telated gene, 
WISP'3j these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (t) C571VIG cells infected with a Wnt-l 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and {«) Wnt-1 transgenic 
mice. The WISP'l gene was localized to human chromosome 
8q24.1-8q24j. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP'3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnl family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitulively active glycogen 
synthase kinase-3p (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized ^-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8), Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
^<atenin levels (9). APC is phosphorylated by GSK-3ft binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or p-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3y a member of 
the transforming growth factor (TGF)-)3 superfaraily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11). using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WlSP-l 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
, Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor, SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Gcnbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 /xg of poly(A)" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 
of polyCA)*" RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 

further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISF'J were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WlSP-l 
were isolated by screening XgtlO lung and fetal kidney cDNA 
libraries with the same probe al low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding W!SP'3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PGR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fiM of each dNTP at 
94^ for 1 sec, 62X for 30 sec, 72''C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In SUu Hybridization. ^^P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PGR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PGR product corresponding to nucleotides 82-375 of 
mouse WlSP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, HuntsviUe, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HGT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsQ cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the ceil lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR, Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitaie the genes. The 
relative gene copy number was derived by using the formula 
2(Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
3-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WlSP-spcdfic signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-EImer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-Z by SSH. To identify Wnt- 
1-inducibte genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (U). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PGR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-I and 1^/5/^-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnl-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on ^-catenin levels (13, 14). Expression of WISP-I was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt'I gene under the control of a teiracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-J mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PGR. Strong induction of Wnt-l mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP- 1 were isolated and the 
sequence compared with mouse WISP-1, The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of --40,000 (Afr 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. lA). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «=■ 27,000 (Mr 27 K) (Fig. 2B), Mouse and human 
WISP'2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig, I. WISP-1 and mSP-2 arc induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WJSP-l {A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poiy(A)+ RNA (2 ^g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse W75/'*i- specific, probe 
(amino acids 278-300) or a 190-bp H75/'- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridizedwith 
human j3-actin probe. 
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FiG. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-l {A ) and mouse and human WISP-2 {B). The potential 
signal sequence, insulin-like growth factpr-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identirication of WlSP-3, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WlSP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1371 bp was isolated corresponding to those 
ESTs that encode a 354raa protein with a predicted molecular 
mass of 39,293. WlSP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-l and WlSP-3 are the 
most similar (42% identity), whereas WlSP-2 has 37% identity 
with WISP-l and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-I, WISP-2, and WISPS are novel sequences; 
however, mouse WISP- 1 is the same as the recently identified 
Elm I gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WlSP-2 are homologous to the recently 
described rat gene, rCop-I (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-^ (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-L All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF) - 
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Flc. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-l and WTSP-2 that arc not 
present in WISP-3 arc indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-l has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
coUagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B), 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is. involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B), The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 



14720 Cell Biology, Medical Sciences: Pennica et ai 



Proc. Natl. Acad. Sci. USA 95 (1998) 



analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult he ail, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Lilde or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WlSP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WlSP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WJSP-l and WISP'2. Expression of 
WISP-1 and lVISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-I was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISPr2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H), However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. {A, C,E, and G) Representative hcmatoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WlSP-1 expression are shown in B and 
D. The tumor i$ a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H, At low 
power (£ and F),. express ion of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 \s approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31) on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-I is located near D8S1712 STS. 
WISP'2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-m^'c locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-I locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-I and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WlSP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one {P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than thai of WISP-1 {P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-I genomic DNA in colon cancer ceil 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 ;ig) 
digested with £coRI {WISP-1) oi Xbal (c-myc) were hybridized with 
a 100-bp human WISP- 1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes arc 
detected in normal human genomic DNA after a longer film exposure. 
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Fic. 6. Genomic amplification of WJSP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PGR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PGR (Fig. 7). The level of WISP-J 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-foId overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP'2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-l, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WJSP mRNA in 19 adenocarcinomas was assayed by 
quantitative PGR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, mSP-J, WISP-2, and WISPS, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and/iov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., p-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Writ-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through )3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs, 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WlSP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WlSP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such asTGF-^, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WlSP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, .WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin av)33 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-I and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma iri mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-pi, which is the stimulus for 
stromal proliferation (34). TGF-j31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-I and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors -in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-J 
and WISP'2 in the stromal cells of breast tumors supports this 
paracrine model. 

All analysis of WlSP-l gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP'2 DNA was amplified in the colon tumors, 
but its mFLNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WfSP-'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WlSP-l may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-U the rat orthologue of 
WISP'2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP'2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and p-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic ^-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica-. 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK w^re dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell -proliferation assays were 
done essentially as described*"'. Briefly, after antigen pulsing CSO^igml'' 
TTCF) with tetrapeptidcs {l-2mgmr'). PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% PCS before co-culture with T-cell clones in 
round-bottom 96-weU microtitre plates. After 48 h, the cultures were pulsed 
with I ftCi of ^H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 n-g TTCF with 0.25 fig 
pig kidney legumain in 500 jil 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI. HIDN(N- glucosamine) 
EEDI and HIDNESDI, which arc based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNfVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of Smg reduced^ carboxy- methylated human transferrin followed by 
concanavalin A chromatography' Glycopeptidcs corresponding to residues 
622 -642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized iransferrin- 
derived peptides were redissolved in 50 mM sodium acetate. pH 5.5, 10 mM 
dithiothreitol, 20% methanol Digestions were performed for 3 h at 30 "C with 
5-50 mUmT' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of 10 mg ml"' a- 
cyanocinnamic acid in 50% acetonitriIe/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (progranuned cell death) in 
target cells through the death receptor FasyApol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate inunune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-tnfected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumouF!> studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamiV. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant l.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc- tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 ceils transfected with individual TNF 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL* (Fig. 2a), but not to cells transfected with 
TNF^ Apo2L/TRAIL*', Apo3LyTWEAK*'', or OPGL/TRANCE/ 
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RANKL*""'^ (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). EquUibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K^ — 0.8 ± 0.2 and 
l.l±0.1nM, respeaively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 ^JLgm^^ Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of* mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results", activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Rgure 1 Primary structure and expression of human DcR3. a. Ailgnment of the 
amino-acid sequences of DcR3 and of osieoprotegerin (OPG): the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1-4). andthe/V-linkedglycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adutt tissues or cancer cell lines. PBU peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding j 
blocks apoptosis induction by FasL 

FasL-induced apoptosis is important in elimination of virus- j 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — Ip-gmf^; the residual 
killing was probably mediated by the perforin/granz>'me pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a. 293 cells were iransfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFRi-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRKS. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and meiabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRl. DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcRS^Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Ftag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PGR)" in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PGR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and I out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c- DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene; is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PGR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T 1 60), which maps to 
chromosome position 20q 13. Next, we isolated from a bacterial 
artificial chromosome (BAG) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAG> and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slighdy less than the approximately fourfold 
amplification of DcR3; the other markers showed litde or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
Hgand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other Hgands, as do some other 
TNFR family members, including OPG^*''. . 

FasL is important in regulating the immune response; however, 
little is known about how FasL fiinction is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas^". A second mechanism involves proteolytic 
shedding of FasL from the ceU surface'^, DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a. Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU 5ngmr') oligomerized 
with anti-Hag antibody (0.1 jigmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl and assayed for apoptosis (mean i s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. In presence of i ^.g ml"' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgGt (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleuktn-2, 
followed by control (white bars) or anti-CD3 antibody (Hlled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc (10^-9 ml"'). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
Hve donors), d. Peripheral blood natural killer cells were incubated with ^'Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of *'Cr (mean ± s.d. for two donors, each in triplicate).- 
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Rgure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g, h, \, k. r). seven squamous-cell carcinomas (a, e. 
m. n. o, p, q). one non-small-cell carcinoma (b), one small-celt carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means i s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means t. s.e.m. of five experiments done in duplicate, c, /n situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
re'presentative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and fonward. Rev and Fwd). the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < O.Oi for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described^'. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins. DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcRl (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response^. Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. , D 

Methods 

Isolation of DcR3 cONA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Ufeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
eaodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in humaii 293 cells, and purified as 
described". 

Ruorescence-activated cell sorting (FACS) analysis. We uansfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL^ (2 jig), together with pRK5 encoding GrmA 
(2fxg) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-I;c or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin fGibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smimov statistical analysis. There was some detectable staining 
of vector-transfectcd cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metaboHcally labelled with (^'SJcysteine and {^^S] methionine (0.5 mGi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (lOjiM), 
the medium was immunoprecipltated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5 tig), followed by protein A-Scpharosc (Repligcn). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL ( 1 p-g) (Alexis) was incubated 
with each Fc-fusion protein (Ifi-g). precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
Fas L antibody (Oncogene Research). 

Analysis of complex formation. Flag-ugged soluble FasL (25 ^ig) was 
incubated with buffer or with DcR3-Fc (40 jig) for 1.5 h at 24 "C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 1 00 \l\ aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Galibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equiiibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was deteaed with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 jig ml"*) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml"') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16h later.by FACS analysis of annexin-V-binding of CD4* cells". 
Natural Icilier cell activity. Natural killer ceUs were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with *'Cr-loaded Jurkat cells at an efFector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of **Cr in effector- urget co- 
cultures relative to release of ^'Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PGR" 
using a TaqMan instrument (ABl). The method was validated by comparison of 
PGR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4). SHGG-36268 (T159), the nearest 
available marker which maps to -500 kilobases from T 160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATGACGCCGGCACGAG-3' and die 
fluorogenic probe sequence was 5'-CFAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2*^^'. where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 

Received 2i Septemben accepted 6 November 1998. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes*. The recently completed Escherichia coli genome 
sequence revealed that the largest- family of paralogous E coli 
proteins is composed of ABC transporters^. Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR). 
the P-glycoprotcin (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-btnding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhitnurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and £ coii'*^"* is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMPi, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins*, is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis*, the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer*, HisP has been purified 
and characterized in an active soluble form' which can be recon- 
stituted into a hilly active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L* with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet(p3 and p8-pl2) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7. al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm it is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bonom of arm 1. as shown in a, towards arm I!, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'bail-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT". N. amino terminus: C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplifled oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain -reaction (PGR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PGR amplification is still 
in the exponential phase, rather than the amount of PGR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PGR does not require post-PGR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PGR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, t^cndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. J. 
Cancer 78:661-666, 1998. 
© 1998 miey-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et aL. 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndX (1 lql3), ander6B2 (17q 1 2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc. ccnd), and er^B2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et aL, 1992; 
Schuuring et al, 1992; Slamon et aL 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
^ig/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and fomialin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end -point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficiept). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson etaL, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (/.e., 6-carboxy- 
fluorescein)) and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA {i.e.. 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nuclcolytic activit>' of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PGR amplification. 

The real-time PGR method offers several advantages over other 
current quantitative PGR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PGR amplification is still in the log phase of PGR 
product accumulation. This is the main reason why G, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of G, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PGR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PGR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vH) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors {myc, ccndl and eri>B2), as well as 2 genes {alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 108 primary breast tumors removed 
surgically from patients at the Gentre Rene Huguenin; none of the. 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgeiy, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study, if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PGR product is first 
detected, rather than by the amount of PGR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Gt and by using a standard curve to 
determine the starting copy numbpr. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e.. lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of GGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed *'N", and is determined as follows: 

copy number of target gene (app, myc, ccndl. erbBl) 

N ~ — — ■ ' ~ - 

copy number of reference gene {alb} 

primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistaiice 
of the computer programs Oligo 4,0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Gincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster Gily, GA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems, 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers arc available on request. 

The TaqMan PGR Gore reagent kit, Micro Amp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems, 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PGR products, according to Piatak et al (1993), In 
practice, each specific PGR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time qiiantitative PGR. The 5 PGR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified specirophotometrically and. pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Glontech, Palo Alto, GA) 
at a constant concentration of 2 ng/^il. The standard curve used for 
real-time quantitative PGR was based on serial dilutions of the pool 
of PGR products ranging fi-om 10"^ (10^ copies of each gene) to 
10"'® (10^ copies). This series of diluted PCR products was 
aliquoted and stored al — 80°G until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg), 

PCR amplification. Amplification mixes (50 contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes). 
lOX TaqMan buffer (5 ^l), 200 fiM dATP, dCTP, dGTP, and 400 
^iM dUTP, 5 mM MgClj, 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50**G and 10 min at 95°G. Thermal cycling consisted of 40 cycles at 
95 °G for 15 s and 65°G for 1 min. Each assay included: a standard 
curve (from 10* to 10^ copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PGR. 

Equipment for real-time detection. Tlie 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (GDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates G, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the mvc. ccndJ. and erbBl proto-oncogenes, 
and the P-amyloid precursor protein gene (app), which maps to a 
chromosome region (2Iq21.2} in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai. 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/^l. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure I shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10- copies or as 
many as i 0^ copies. 

Copy-number ratio of the 2 reference genes (^app and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin {alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10* (A9), 10^ (A7), 10^ (A4) to 10^ (A2) and a no-tcmplatc control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in ihe first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. Q (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows .4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2: alb. 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al., 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and. 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast- tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and erbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in *' Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccnd J and 0.6 to 1.3 (mean'0.91 ± 6.19) for erbB2. Since N values 
for myc, ccnd J and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1,6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccnd 1 and t:bB2 gene dose in breast-tumor DNA 

myc, ccnd J and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccnd J were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%. 11/108), and ranged from 2 to 18.6 for 
ccnd J, 2 to 15.1 for er6B2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Tl 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccnd J were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the I7q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

^Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southem-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (1 myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southem-biot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBLmON OF AAIPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbB2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76,9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required lo deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cyiopuncture 
specimens or formalin-fixed, paraffin -embedded tissues). 

In this study, wc validated a PCR method developed for the 
quantification of gene over-representation in mmors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNO) 
(Longo et al. 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We foimd it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the Ct value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Ct ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
eni blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells confined in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai. 1994). (n) Wc found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems c/ ai. 1992; Borg ei ai, 1992). (///) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 1 5-fold, also in keeping with eariier results (about 
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27.3 
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26.5 
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T133 



23.2 



61659 
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10092 



m T145 



22.1 
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25.6 



7762 



Figure 2 - ccndJ and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E12, C6, black squares), Tl 33 (Gl I, 84, red squares) 
andT145 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bemse/fl/.. 1992; Borg e/o/., 1992; Courjal 
ai. 1997). (v) The erbBl copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degreeofamplification(Aneia/., 1995; Deng e/ a/.. 1996;Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure er^B2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosysiems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndj 






alb 




ticcndi/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


TU8 


4525 






4223 




89 






4605 


4603 


77 


4365 


4325 


1.06 




4678 






4387 








1133 


59821 






9787 










61659 


61100 


nil 


10092 


10137 


375 


6-03 




61821 






10533 








T145 


128563 






7321 






16.34 




125892 


125392 


3448 


7762 


7672 


316 




121722 






7933 









'For each sample, 3 replicate cxpeiiments were performed and the mean 
and the standard deviation (SD) was determined- The level ccndl gene 
amplification (^ccndllalb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and er6B2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



ETAL 

gene copies observed in real-lime PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysemy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamone/aA. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; er/>B2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre -neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate niethod of analyzing large numbers of 
samples in a. short time. It should find a place in routine clinical 
gene dosage. 
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